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Eighty long range alpha-particles coincident with U™* fission have been observed in photographic 
plates. There is a tendency for the alpha-particles to emerge with greatest energy at an angle slightly 
greater than 90° from the heavy fragment. In accordance with previous observers, it is found that 
most alpha-particles emerge approximately perpendicular. It is also found that the majority form an 
angle slightly obtuse to the heavy fragment. The energy of the alpha-particles is found to be derived 
largely from the kinetic energy of the fission fragments. The alpha-emitting fissions have approxi- 


mately the same mass ratio as do normal fissions. 





I. INTRODUCTION 


HE alpha-particles coincident with fission 
were first observed during the war by L. W. 
Alvarez (see first paragraph of reference 3). Inde- 
pendently the same particles were observed in 
photographic plates by Green and Livesey who re- 
ported them at the Physical Society Conference at 
ambridge in July 1946, and by San-Tsiang, Zah- 
ei, Chastel and Vigneron,! who were apparently 
he first to publish it in the open literature. 

At approximately the same time, Demers,’ 
knowing of Alvarez’ discovery, published an analysis 
bf fissions observed in photographic plates. In an 
xamination of 1500 fissions he found 6 fissions 

itting alpha-particles, a frequency of 1 in 250 
issions. Using a special emulsion consisting of a 

in layer of a uranium salt sandwiched between 
wo layers of emulsion, he was able to observe a 
ap in the fission track corresponding to the point 
t which the fission occurred. From the coincidence 
bf the gap with the point of emission of the alpha- 

ack he calculated that the alpha-particle was 

mitted less than 2X10-™" second after fission. 

he maximum energy observed for the alpha- 
icles was about 19 Mev. 

Farwell, Segré, and Wiegand,? in a publication of 


* Date of manuscript July 8, 1948 AECD 2382. 
'San-Tsiang, Zah-Wei, Chastel, and Vigneron, Comptes 
endus 223, 986 (1946). 

? Pierre Demers, Phys. Rev. 70, 974 (1946). 

* Farwell, Segré, and Wiegand, Phys. Rev. 71, 327 (1947). 


work done during the war, give the frequency of 
alpha-emission in U*** as 1 in 250, a figure based 
on good statistics. By bombarding a film of U**® 
in an ion chamber with neutrons they were able to 
measure the bias and absorption curves for the 
alpha-particles so produced and thu’ to identify 
them positively. The resolving time of their-elec- 
trical circuits allowed them to ascertain that the 
alpha coincided with fission within 5X10-* second. 
The maximum energy observed was about 16 Mev. 

A study of alpha-particles from fission observed 
in photographic plates was made by Wollan, Moak, 
and Sawyer* on twenty individual events. These 
particles were found to emerge at approximately 
right angles to the fission tracks. From this fact 
the authors conclude that the alpha-particle is 
released at the instant of fission and not from either 
fission fragment. The maximum energy observed 
was 22.1 Mev. 

A more extensive investigation using photo- 
graphic plates was made by Green and Livesey.® 
In an examination of 25,000 fission tracks, they 
found 1 light particle emitted in every 80 fissions. 
Most of these were of short range and many emerge 
at angles less than 70° to the fission track. In view 
of the criterion to be discussed below it would seem, 
probable that a large number of these light par- 
ticles are protons of the emulsion knocked on by 
the fission fragments, even though such a possi- 


4Wollan, Moak, and Sawyer, Phys. Rev. 72, 447 (1947). 
5 L. L. Green and D. L. Livesey, Nature 159, 332 (1947). 
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Fic. 1. Tracings of tracks of fission fragments from which 
branch tracks of light weight particles. These tracks have been 
projected from photographic emulsions, traced at 1950 X mag- 
nification, and reproduced here at 540X magnification. 


bility has apparently been discarded by the 
authors. 


II. EXPERIMENTAL DATA 


In the present research, an examination of ap- 
proximately 18,500 fissions has been made in 
Eastman Kodak emulsion NTB. Among these, 80 
fissions were found which emitted long range alpha- 
particles. Approximately 150 fissions were found 
from which emerged tracks of protons of the emul- 
sion knocked on by the fission particles. A criterion 
has been found by which to distinguish the knock-on 
protons from the true long range alpha-particles 
emitted in fission. An analysis has been made of the 
energies, and angles of emission of the observed 
alpha-particles and of the total length and of the 
separate lengths of the fission fragments of the 
alpha-emitting fissions. Comparison has been made 
with the corresponding quantities of normal 
fission. 

Eastman Kodak Nuclear Research Emulsion 
NTB, 50 microns thick, was soaked in uranium 
acetate for 5 minutes and while wet, exposed for a 
few seconds to a flux of thermal neutrons from the 
Argonne heavy water pile. The emulsion was 
developed for 20-minutes in full strength D-19 and 
fixed. Control plates were made, both with uranium 
acetate, unexposed to neutrons, and without 
uranium acetate, exposed to neutrons. 

The plates were scanned at about 1000X mag- 
nification, using a microscope projection table. 
When a fission track coincident with a light frag- 
ment track was found, the image of the event was 
traced at 1950 magnification. The different parts 
of the track were brought successively into focus 
and the height of the objective above the emulsion 
at each significant point was noted. The thickness 
of the emulsion was measured by finding the 
heights of the objective when the top and bottom 
grains of the emulsion were in focus. This last 
datum measures the amount by which the emulsion 
has shrunk during development. 

From the tracing, and the data on the depth of 


the track at various places, the true geometry of 
the event as it occurred in the emulsion at ‘its 
original thickness has been calculated. Examples of 
such tracings are reproduced in Fig. 1. 


Ill. EXPERIMENTAL RESULTS 


Approximately 18,500 fissions were examined. Of 
these about 230 fission tracks had light particle 
tracks emerging from them. Since it is easy to 
confuse tracks due to knock-on protons with those 
due to alpha-particles emitted at the instant of 
fission, some criterion is necessary by which this 
distinction can be made. 

In order that the long range alphas might be 
sorted out, the following method was used. From 
the range-energy relation as determined by Lattes, 
Fowler, and Cuer for protons in emulsion of the 
same high silver bromide content, the velocity of 
each light particle, assuming that it was a proton, 
was calculated for its measured range. Since the 
mass of a proton may be neglected in comparison 
with the mass of a fission fragment, the approximate 
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Fic. 2A. Velocity of fission fragments versus range of fission 
fragments as determined from events in which tracks of ligh 
weight particles branch from tracks of fission fragments. Each 
point is determined from a single event. If the light weigh 
particle of such an event, when treated as a knocked-on C; 
N, O, or H nucleus of the emulsion, gives a point compatible 
with the range energy relation for fission fragments, it is con 
sidered to be such a knock-on fragment. If the resulting poin' 
lies far from the range-energy curve, the particle is considered 
to be an a-particle emitted in fission. 
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relation is valid: 
V,=2Vr cosé, (1) 


where V, and Vr are the velocities of proton and of 
fission fragment, and where @ is the angle between 
their trajectories. 

From this relation the velocity of the fission 
fragment was calculated and plotted against the 
range of the fission fragment measured from its 
end to the point where the light particle emerged 
at an acute angle. The range-velocity plot of the 
points so obtained is given as Fig. 2A, except for a 
considerable number of points, corresponding to 
particles of long range, which lie off the top of the 
figure (see Fig. 2B). A large fraction of the points 
below 18X10® cm/sec. cluster in a region com- 
patible with a range-velocity relation for fission 
fragments. 

It has been found experimentally by various 
investigators** that the range of fission is pro- 
portional to the velocity, in accordance with the 
Bohr relation. The constant of proportionality can 
be calculated for the emulsion used here from the 
average length of normal fission in the emulsion 
together with the average masses and energies of 
the fission fragments. The average light fragment, 
with a mass of 93 and an energy of 96 Mev has a 
velocity of 114X108, cm/sec. The heavy fragment 
of mass 141 and energy 64 has a velocity of 9.3 
X10® cm/sec. The average total range for normal 
fissions in this emulsion (see Fig. 5) is 27.0 microns. 


27.0 microns = K(14+9.3) X 108 cm/sec., 
K=1.160X10-® micron sec./cm. 


It may be seen that this line lies well in the cluster 
of those points of Fig. 2A which lie below 18X10 
cm/sec. : 

The possibility that the light particle tracks were 
carbon, nitrogen, or oxygen recoils was also con- 
sidered. In order to obtain the velocity of the par- 
ticle from its range, assuming its mass to be about 
14, the experimental range-velocity curves of 
Blackett and Lees? for nitrogen and oxygen together 
with the theoretical extrapolations of Knipp and 
Teller!® have been “used. 

The relationship (1) must now be modified by 
the reduced mass. It becomes 


cos6, (2) 


Mr 
vimavisfs Mae 


Mr+Mn 


where Vy and My are velocity and mass of the 


° Bréstrom, Béggild, and Lauritsen, Phys. Rev. 58, 651 
(1940); Phys. Rev. 58, 839 (1940); Phys. Rev. 59, 275 (1941). 
19 4 peeila, Arrée, and Sigurgiersson, Phys. Rev. 71, 281 

*R. Sherr and R. Peterson, Rev. Sci. Inst. 18, 574 (1947). 

*P. M.S. Blackett and D. S. Lees, Proc. Roy. Soc. 134, 658 


ed (1932). 


10 J. Knipp and E. Teller, Phys. Rev. 59, 666 (1941). 
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Fic. 2B. Simplification of Fig. 2A showing some of the 
points lying far from the range-energy region for fission 
fragments. The light particles branching from fission frag- 
ments which give such outlying points when treated as 
knock-on nuclei are consequently believed to be a-particles 
emitted in fission. 


nitrogen atom, and where Vpjand M, are velocity 
and mass of the fission fragment. The angle be- 
tween the initial trajectory of the fission fragment 
and the trajectory of the nitrogen is #. Knowing 
Vy and cos@, one calculates Vr. Several of the 
shorter light particles when treated in this way as 
fragments with mass ~14, yielded satisfactory 
points on the range-velocity plot of Fig. 2A, and are 
plotted thereon. 

The dozen farthest outlying points to the south- 
east and the northwest are probably accounted for 
by a few excessively large experimental errors. The 
maximum velocity on the average for a fission 
fragment, namely that for a fragment of mass 93 
and energy 94 Mev, is 13.9X10* cm/sec. This sets 
an average upper limit by which one can decide 
which points refer to proton recoils and which points 
refer to proper alpha-particles. However, in ap- 
plying this limit it must be remembered that the 
lack of resolution due to straggling in the non- 
homogeneous emulsion and due to errors in mea- 
surement may allow points corresponding to true 
proton recoils to lie above this limit. 

The light fragments corresponding to all points 
lying above 18X10* cm/sec. are considered to be 
true alpha-particles. The fact that 90 percent of the 
points below 18X10* cm/sec. cluster in a region 
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Fic. 3. Energy of a-particles emitted in fission vs. angle be- 
tween heavier fission fragment track and a-particle track. 


suitable to a range velocity curve for fission frag- 
ments, and that the remaining 10 percent lie 
around the edges of this region means that almost 
all of the corresponding light fragments are proton 
recoils, and some few are recoils of carbon, nitrogen 
and oxygen. Quite probably none of these points, 
even those which lie outside the cluster, correspond 
to alpha-particles, since, if this were the case, one 
could expect an equivalent sprinkling of points in 
the regions away from the range-velocity region. 
Although it is possible that some few alpha-par- 
ticles are not counted by using this criterion, it is 
not believed that they can represent more than 
10-15 percent at the most. 

Using the criteria discussed above for distin- 
guishing the true alpha-particles from the knock-on 
protons and knock-on C, N, and O of the emulsion, 
there remain 80 long range alpha-particles from 
18,500 fissions. This gives a frequency of 1 in 230, 
a figure which agrees with the frequency noted by 
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Fic. 4. Ratio: length of long fission fragment track +length 
of short fission fragment track versus number of a-emitting 
fissions showing this ratio. 


Farwell et al. These are then the light particles 
corresponding to points above 18108 cm/sec. in 
Figs. 2A and 2B. Most of these points lie off the 
top of Fig. 2A by a large distance. 

Out of 80, 31 alpha-tracks end in the emulsion, 
For the purposes of this analysis the remainder 
are not useless because they provide data on length 
of the total fission track, ratio of the lengths of the 
2 fission fragments, and angle of emergence of the 
alpha-particle. 

In Fig. 3 the energy of alpha-particles is plotted 
vs. angle of emission showing both those alphas 
which leave the emulsion and those which stop in 
the emulsion. The angle of emission is the angle 
between the heavy fragment track and the alpha- 
particle track. The energy of the alpha has been 
obtained from the range energy curves of Lattes, 
Fowler, and Cuer for alpha-particles in high density 
silver bromide emulsion. There is a slight tendency 
for the more energetic alphas to be emitted at an 
angle obtuse to the heavier fragment, although the 
statistics are poor and the effect is probably within 
the statistical accuracy. Also the greater number 
of alphas are emitted at angles slightly obtuse to the 
heavy (short) fragment. Both effects, if real, are 
in agreement with the greater Coulomb repulsion 
of the heavy fragment. 

In Fig. 4 is plotted the ratio of lengths of long to 
short fragment against the number of alpha- 
emitting fissions showing that ratio. Within the 
experimental errof the average ratio for alpha- 
emitting fissions is equal to the average ratio ob- 
served by Demers for normal fissions. Even if those 
ratios greater than 1.7 are considered as anomalous 
errors and are omitted, the ratio is 1.24, still equal 
‘to the ratio for normal fission well within the limits 
of error. 

Since the ratio of the ranges of the fragments of a 
given fission is proportional!!—" to the ratio of their 
masses, in principle, if straggling were small 
enough, Fig. 4 could be interpreted as a chemical 
yield curve. The ordinate would then be propor- 
tional‘to percent of fission into the mass ratio given 
by the abscissae, for alpha-emittifig fissions. Because 
the error due to straggling in the non-homogeneous 
medium is so large, it is not possible to tell positively 
whether the width of the curve derives from a single 
type of fission or from all the types and frequencies 
of splitting observed for normal fission.. Therefore, 
this curve unfortunately cannot be used as a chemical 
yield curve. 

One may conclude, however, that alpha-emitting 
fissions either have approximately the same 


1 Freedman, Metcalf, and Sugarman, Manhattan Project 
Report CC-1559 (4/8/44). 

12 Finkle, Hoagland, Katcoff, and Sugarman, MPR CK-1806 
(6/30/44) ; MPR CC-2076 (8/25/44). 

18 Katcoff, Miskel, and Stanley, Phys. Rev. 74, 1225 (1948). 
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Fic. 5. Comparison of total length of a-emitting fission tracks 
with total length of normal fission tracks. 


chemical yield curve as normal fissions or else ap- 
proximately correspond to those types of splitting 
most abundant among normal fissions. 

There is no obvious correlation either of angle or 
of energy with length of either fission fragment or 
with total length. 

According to Fig. 5, the average total length of 
the alpha-emitting fissions is about 94 percent of 
the average total length of normal fissions. This is 
equal to the decreased total range calculated, as- 
suming a 16 Mev alpha-particle emitted in such 
a way that 8 Mev subtracts from the kinetic energy 
of each fragment. Therefore, the energy of the 
alpha-particles seems to be obtained at the expense 
of the kinetic energy of the fission fragments on the 
average. 

From Fig. 5 there can also be obtained some idea 
of the error due to straggling caused by inho- 
mogeneity of the emulsion. It has been shown™ 
that the total range in air of the two fission frag- 
ments of normal fission has practically the same 
value for all mass ratios. However, one sees in Fig. 5 
that the lengths of normal fissions as measured in 
photographic emulsions range from less than 20 
microns to more than 32 microns. This must be 
attributed to the fact that as the fission fragment 
goes through the emulsion it travels now through 
regions of gelatine, and now through erratically 
distributed grains of silver bromide in which it is 
slowed much faster than in the gelatine. 

Figure 6 shows the actual energies observed for 
those alpha-particles which stopped in the emul- 
sion. In order to find frequency of emission as a 
function of energy these various energies must be 
weighted by the corresponding probability to leave 
the emulsion, shown as the dashed curve. There are 
few alpha-particles emitted with low energy, the 
frequency of emission going through a maximum 
which is ill-defined due to the poor statistics of the 
observation. 

In any given fission, one of the fission fragments 
is nearly always shorter than the other. In Fig. 7, 
three curves are given: the lengths of the short 
fission fragments are plotted against number, the 
same is done for the long fission fragments, and 
finally a third curve gives the sum of the first 


EMULSION 





rer rar TO END IN 


| LALA i | 


tnercy” oF 2 PARTICLES IN MEV 





Fic. 6. Energies of a-particles emitted in fission and stopped 
in the emulsion. 


two curves. These three curves all apply to alpha- 
emitting fission only. One sees from Fig. 7 that the 
curve for all the fission fragments from alpha- 
emitting fission shows a single peak; that is, that 
the peaks of the curves for long and for short frag- 
ments are not markedly separated. This is in 
contrast to similar curves given by Demers? for 
normal fission. The peaks of his curves for the long 
and for the short fragment are distinctly separated 
because they are much narrower (the average posi- 
tions of the peaks have the same ratio as those for 
alpha-emitting fission), and consequently the curve 
which is the sum of the first two shows two well 
defined maxima. 

However, Demers’ curve for total length of the 
normal fission vs. number shows approximately the 
same spread as that observed here for normal 
fissions. Therefore, the widening of the range- 
number curves for long and for short fission frag- 
ments of alpha-emitting fissions would not seem to 
be due to a less homogeneous emulsion but rather 
to the alpha-emitting process itself. Probably it 
relates to the fact that the alpha-particles come 
out with a wide range of energies. It may perhaps 
be repeated that the ratio of the average lengths of 
long and short fragments is not changed by alpha- 
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Fic. 7. Length of short fission fragment track versus number 
observed, and length of long fission fragment track versus 
number observed. The third curve gives the sum of the first 
two curves. All three curves refer to a-emitting fission only. 
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Fic. 8. Tracings of events coincident with fission shown 
enlarged 540. ‘They appear to represent emission of 2 
a-particles at the instant of fission. However, the statistics of 
these events show that the correct interpretation is most 
probably that a nucleus of the emulsion has been knocked-on 
by a fission fragment immediately following emission of an 
a-particle in fission. 


emission (although the average lengths themselves 
are decreased). This fact and the spread in alpha- 
particle energies together with the apparent broad- 
ening of the range number curves of the fission 
fragments gives separate evidence that the energy 
for the alpha-particle subtracts from the kinetic 
energy available to both fission fragments. 

It should be pointed out that a curve, analogous 
to Fig. 7, is given for alpha emitting fission by 
Green and Livesey.’ Their range number curve for 
all fission fragments together shows, however, two 
distinct peaks, apparently corresponding to the 
ranges of light and heavy fission fragments in 
emulsion. But the possibility exists that more than 
half of the light particles observed by them are 
proton recoils. Such an event does not divide the 
fission track into the lengths corresponding to the 
true ranges of the fission fragments. Consequently, 
their curve must be considered with this difficulty 
in mind. 

In the same way in the collection of data for the 
present paper, the knock-on protons were at first 
confused with true alpha-particles. The differences 
in grain densities of the two kinds of tracks are not 
marked, at least not with the methods of develop- 
ment used here, although such critical development 
methods can probably be found with a little care. 
In the course of plotting the data, it became obvious 
that a large number of the shorter light fragments 
were emitted at an angle acute to the heavy frag- 
ment, and also in such a way that the ratio of long 
to short fission fragment, measured from the origin 
’ of the light particle track, was unusually large. 
These facts are difficult to explain if the light frag- 
ments are alpha-particles, but they are quite in 
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keeping if the light fragments are knock-on protons, 
Consequently the criterion previously discussed 
was used to distinguish the knock-on light particles 
from the true long range alpha-particles. 

In Fig. 8 are shown tracings of two events which 
on first sight appear to be the emission of two 
alpha-particles at the instant of fission. However, 
of the two events, the shorter light fragment of 
one fits very well in length and direction the require- 
ments for a knock-on proton. In the second case 
the shorter light fragment has the range and angle 
for a knock on C, N, or O fragment. In both cases 
the long light fragment is a true long range alpha- 
particle, and in both cases it emerges at slightly 
more than 90° from the long (light) fission frag- 
ment. Two such events were found in 18,500 
fissions. Also 80 long range alpha-events were 
found and about 150 knock-on protons, and knock 
on C, N, and O. The probability of the double 
events should be, therefore, of the order of 1/150 
1/80 or 1 in 12,000 in agreement with what has 
been observed. 


IV. CONCLUSIONS 


The frequency of emission of long range alpha- 


particles in U*** fission was found here as 1 in 230, | 


in agreement with the previous investigators.” 
The maximum energy of long range alpha-particle 
observed here is 26.4 Mev. There is a slight 
tendency for the alpha-particles of highest energy 
to be emitted at an‘angle slightly greater than 90° 
from the heavy fission fragment. Furthermore, the 
majority of alpha-particles emerge at an angle 
slightly obtuse to the heavy fragment. The energy 
of the alpha-particle is derived largely from the 
kinetic energy of the fission fragments. The mag- 
nitude of the ratio of average range of normal 
fission to average range of alpha-emitting fission 
checks well with that calculated, assuming a 16 Mev 
alpha-particle to be emitted in such a way that 8 
Mev subtracts from the kinetic energy of each 
fission fragment. The straggling of the fission. frag- 
ments due to the non-homogeneity of the emulsion 
is too great to allow the evaluation of a chemical 
yield curve for alpha-emitting fissions. It can be 
concluded, however, that the alpha-emitting fissions 
have approximately the same mass ratio as do 
normal fissions. 

Acknowledgment is made to Professor Enrico 
Fermi for discussions during the progress of this 
work. 
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Angular Distribution of 1- to 3.5-Mev Protons Scattered by He* 


GEORGE FREIER, EUGENE Lampt, W. SLEATOR, AND J. H. WILLIAMS 
University of Minnesota, Minneapolis, Minnesota 
(Received January 27, 1949) 


The angular distribution of protons scattered by He‘ has been measured in the energy range from 1 
to 3.5 Mev and over an angular range of 10° to 164° in the laboratory. The results are given as absolute 
cross sections per unit solid angle and show a broad resonance at approximately 2.2 Mev. The values 
for the cross sections are considered to be reliable to +3 percent. 





INTRODUCTION 


HE scattering of protons by helium has been 

investigated by other groups interested in 
establishing the existence of resonance scattering 
similar to that originally found in neutron-helium 
scattering by Staub and Stephens.! The reaction 
investigated in p—He scattering is 


H!+ He*—Li*5—H!+ Het, 


where an excited state of the compound nucleus 
gives rise to resonance scattering. 

The most extensive proton-helium scattering 
data up to the present time have been obtained by 
Heydenburg and Ramsey? where measurements 
were taken from 1 Mev to 3 Mev for the incident 
proton energies and over angles of 20° to 140° in the 
laboratory. Previous proton-helium scattering ex- 
periments were done by Roberts and Heydenburg? 
for incident protons up to 1 Mev. Experiments on 
the scattering of a-particles by hydrogen have been 
done by several workers.‘ By using a-particles up 
to 8.5 Mev they could obtain data corresponding 
to a maximum incident proton energy of 2.1 Mev. 
The present experiment extends the proton energy 
range to 3.5 Mev and extends the angular measure- 
ments down to 10° and up to 164° in the laboratory 
system of coordinates. These more complete data 
have made it possible to determine more exactly 
the shape of the differential cross-section curves. 


EXPERIMENTAL PROCEDURE 


The same apparatus was used in this work as in 
the experiments on proton-proton scattering’ and 
deuteron-deuteron scattering.® The scattering cham- 
ber was filled with helium gas purified by storing 
it in a charcoal trap cooled with liquid nitrogen 
before letting it into the evacuated chamber. The 


1H. Staub and W. E. me ens, Phys. Rev. 55, 131 (1939). 
us ai} P. Heydenburg and N. F. Ramsey, Phys. Rev. 60, 42 
a. NP. Heydenburg and R. B. Roberts, Phys. Rev. 56, 1092 

‘J. Chadwick and E. S, Bieler, Phil. Mag. 42, 923 (1921); 
ti ae Mohr and G. E. Pringle, Proc. Roy. Soc. 160, 190 

‘7. M. Blair, G. Freier, E. E. Lamp, W. Sleator, and J. H. 
Williams, Phys. Rev. 74, 553 (1948). 

$ J. M. Blair, G. Freier, E. E. Lampi, W. Sleator, and J. H. 
Williams, Phys. Rev. 74, 1594 (1948). 


number of scattering centers per cm* was determined 
by assuming the He‘ to be a perfect gas, measuring 
the pressure with an oil manometer, and measuring 
the temperature with a thermometer in equilibrium 
with the walls of the chamber. The total number 
of scattering centers was then determined by the 
volume common to the collimated incident beam 
and the imaginary column extending beyond and 
defined by the slit system of the counter. Pressures 
of approximately 1 cm of Hg were used in the 
chamber and were found to give no measurable 
multiple scattering in the gas. 

The number of incident particles was measured 
by collecting them in a Faraday cage at the exit 
end of the chamber. The collector was in turn con- 
nected to a calibrated condenser and ballistic gal- 
vanometer system. 

The number of scattered protons was measured 
with a proportional counter which rotated about a 
central axis through the small scattering volume 
described above. The factors for obtaining the dif- 
ferential cross section from the number of scattered 
particles were the same as in previous work.® 

At low angles and high energies the recoil He‘ 
nuclei entered the proportional counter as well as 
the scattered protons. In general the He* pulses 
could be differentiated from the proton pulses by 
proper selection of bias voltages on the discrimi- 
nator-scaler units. A typical bias curve is shown in 
Fig. 1. One discriminator set on the plateau A 
counted all the pulses, while the second set on 
plateau B counted only He‘ pulses. The number of 
protons scattered into the counter during any one 


COUNTING RATE 





Fic. 1. Typical curve of the counting rate as a function of 
the discriminator bias showing the relative size of the scat- 
tered proton pulses and recoil helium pulses which entered 
the proportional counter. 
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TaBLE I. Proton-helium scattering cross sections per unit solid angle in the center of mass coordinate system as a function 
of the proton —_ in the laboratory and the scattering angle in the center of mass system of coordinates. Cross sections are 


in barns (107*4 cm? 


Proton energies are in Mev. The starred values are obtained from measurements with recoil helium atoms, 











g/Ep 0.95 1.49 1.70 2.02 2.22 2.53 3.04 3.58 
12° 38’ 62.8 22.9 15.92 9.97 8.12 6.46 5.32 4.33 
18° 52’ 12.35 4.05 2.50 1.564 1.405 1.500 1.520 1.348 
25° 3’ 4.04 1.090 0.654 0.496 0.600 0.823 0.921 0.834 
31° 13’ 1.713 0.291 0.441 ; 0.728 
37° 20’ 0.854 0.196 0.1461 0.271 0.398 0.554 0.554 
43° 23’ 0.502 0.523 0.481 
49° 23’ 0.322 0.1031 0.1057 0.331 0.474 
55° 21’ 0.410 0.360 
61° 10’ 0.1735 0.0812 0.0940 0.1878 0.340 
66° 54’ 0.238 
72° 37’ 0.1217 0.0764 0.1540 0.253 0.246 0.224 
90° 7’ 0.0921 0.0828 0.0942 0.1262 0.1487 0.1390 
94° 22’ 0.1507 0.1408 
99° 28’ 0.0833 

104° 36’ 0.1402 

110° 14’ 0.0997* 
114° 22’ 0.1202 0.1502 0.1795 0.1830 0.1740 0.1265 0.0985 

120° 14’ 0.0981* 
132° 37’ 0.1692 0.219 0.279 0.287 0.260 0.1710 0.1200 

140° 14’ 0.1950* 0.1428" 
149° 22’ 0.205 0.270 0.372 0.386 0.353 0.232 0.1663 

150° 14’ 0.345* 0.226* 0.1621* 
160° 14’ 0.407* 0.273* 0.1915* 
164° 59’ 0.280 

168° 2’ 0.311 0.443 0.475 0.433 0.281 0.1935 








run was the difference of the readings on these two 
scalers. At some angle and energy combinations the 
protons and recoil He‘ gave the same sized pulses. 
To obtain these data on the number of scattered 
protons an aluminum window which stopped the 
He‘ nuclei, but not the protons, was placed in front 
of the proportional counter. At the other angles the 
data from the recoil He* counts was used to cal- 
culate the differential cross sections of protons 
scattered in a backward direction and served as a 
check on direct measurements of protons scattered 
in a backward direction. 

Measurements of the background counting rate 
were made by rotating a small brass shutter in 
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front of the slit system of the counter. The number 
of background counts was in general only a fraction 
of a percent of the number of counts measured 
during a run. Enough runs were taken to get a 
total of at least 3000 counts at any one angle and 
energy. 

The energy scale was calibrated on the basis of 
1.882 Mev for the threshold of the Li?(p,n)Be’ 
reaction. The energies given are good to +20 kv. 


CORRECTIONS 


The observed number of counts was subject to 
some corrections. After the chamber was closed 
from the pumps, it would still outgas and con- 


Fic. 2. Proton-helium scat- 
tering cross sections per unit 
solid angle in the center of mass 
coordinate system for various 
proton energies in the laboratory 
system of coordinates. The 
curves at small angles are re- 
duced by a factor of 50. 
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ANGULAR DISTRIBUTION OF PROTONS 


taminate the scattering volume with some foreign 
gas. The time rate of accumulating contamination 
gases was measured by evacuating the chamber, 
closing the connection to the pumping system, and 
then counting the number of scattered protons at 
various small angles during a period of an hour or 
more. This value was found to be the linear function 
of the time for any given energy and angle and 
was used to correct the data at other angles and 
energies by assuming a Coulomb scattering law. A 
check on this correction was made by comparing 


data taken immediately after filling the chamber ' 


with data requiring up to a 4 percent contamination 
correction. Agreement was good to within statis- 
tical errors at the several angles and energies tested. 

A second correction was made for residual air in 
the helium gas after purifaction. A sample of gas 
taken from the chamber immediately after filling 
and analyzed for us on one of Dr. A. O. C. Nier’s 
mass spectrometers showed that the helium con- 
tained 0.1 percent air. The correction for this 
amounted to as much as 2 percent at some angles 
and energies, but was in general only a fraction of 
a percent. 

The energy of the incident protons was corrected 
for losses in the Nylon entrance window to the 
chamber and for losses in the helium gas passed 
through before reaching the center of the scattering 
chamber. 

Due to the finite size of the proton beam and the 
finite size of the solid angle subtended by the 
counter, ‘‘second-order geometry” corrections were 
made on the data similar to the corrections made on 
the proton-proton scattering data.® 


RESULTS 


The proton-helium differential cross sections in 
the center of mass system of coordinates are given 
in Table I and Fig. 2. The energies which are used 
as a parameter for the curves and which head the 
columns in the table are the incident proton energies 
in the laboratory system of coordinates. The errors 
given for the measured cross sections are the sta- 
tistical errors which were calculated by using the 
reciprocal of the square root of the number of 
counts. The probable errors due to gas pressure 
measurements, charge measurement, measurement 
of geometrical factors, etc., amount to about 1.5 
percent. When all errors are considered, the values 
of the cross section should be good to +3 percent. 
The 0.96-Mev data extend only to 99° as the scat- 
tered protons did not have enough energy to enter 
the counter at larger angles. 

The differential cross-section curves have two 
interesting characteristics. First, as the energy 
increases, the curves depart markedly from the 
shape of Rutherford scattering curves down to 
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Fic. 3. Proton-helium scattering cross sections per unit 
solid angle in the center of mass coordinate. system as a 
function of the energy of the incident protons in the laboratory 
system of coordinates. The angle parameter is the center of 
mass angle. 


angles as low as 25°. Second, at large angles the 
differential cross section increases with energy, 
passes through a maximum at approximately 2.2 
Mev, and then decreases. 

To see the nature of this resonance, the values of 
the cross section have been replotted in Fig. 3 as a 
function of energy with angles serving as param- 
eters. These curves show a broad resonance in the 
neighborhood of 2.2 Mev for backward scattering. 
However, the maximum of the resonance appears to 
shift to higher energies as the angle increases. 
These curves also show that the preferential back- 
ward scattering is done at the expense of scattering 
in the forward direction as the cross sections for 
small angles have a minimum at approximately the 
same energy as cross sections in the backward 
direction have a maximum. With the rather limited 
number of points on the energy scale there does not 
appear to be a double resonance in these curves. 
However, the nature of the resonance can only be 
established after a phase shift analysis of the data is 
completed. This analysis is now being done by 
Professor C. L. Critchfield and Mr. D. Dodder and 
will appear in a later publication. 
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The crystal structure of ice in which the location of the 
hydrogen atoms cannot be determined by x-ray means, has 
been studied by the neutron diffraction technique. The in- 
tensities in the neutron diffraction pattern from a powdered 
sample of heavy (DO) ice, maintained at —90°C, were 
measured and compared with the intensities which would result 
if ice possessed any one of four proposed structures. The oxygen 
atom positions have already been determined from x-ray 
measurements and the proposed structures are considered 
here with respect to the location of the hydrogen (or deuterium) 
atoms. The structures considered are (a) the Barnes model, 
in which the hydrogen atoms are midway between oxygen 


atoms, (b) the Bernal and Fowler model which maintains a 
molecular grouping of two hydrogen atoms close (0.96A) to 
each oxygen atom with a definite repeating orientation, (c) a 
model consisting of hydrogen molecules rotating about the 
oxygen atoms as centers, and (d) the Pauling model, sug- 
gested on the grounds of a residual entropy at low tempera- 
tures, in which hydrogen molecules possess some randomness 
of orientation under the restriction that one and only one 
hydrogen atom lies on each of the lines joining one oxygen 
atom to its neighbor. Structures (a), (b), and (c) are definitely 
ruled out by the neutron measurements while the Pauling 
structure agrees well with the measurement. 





HE crystal structure of ice has been the subject 

of considerable study over a period of many 
years. X-ray diffraction studies!~* have led to a 
definite determination of the oxygen atom positions 
in the ice crystal lattice but the positions of the 
hydrogen atoms in the crystal cannot. be deter- 
mined by this means. Information on this point 
can be obtained from considerations of the physical 
and chemical properties of water and ice but this 
information is in some respects less definite *than 
that obtained by x-ray studies where such studies 
are possible. 

With the development of neutron diffraction 
techniques, we are now in a position to make a 
direct structure examination of hydrogen containing 
crystals. The coherent cross section for the scattering 
of neutrons by hydrogen and deuterium is quite 
comparable to that for oxygen and hence inter- 
ference effects for neutrons scattered by these 
nuclei can be observed. 
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Fic. 1. Neutron diffraction powder pattern of heavy ice 
(D.0) taken at —90°C with neutrons of wave-length 1.06A. 


* This document is based on work performed under Contract 
No. W-7405, eng. 26 for the Atomic Energy Project at Oak 
Ridge National Laboratory. 

** On leave (1946-1947) from B. F. Goodrich Company, 
Akron, Ohio. 

1 David M. Dennison, Phys. Rev. 17, 20 (1921). 

2 W. H. Barnes, Proc. Roy. Soc. Al25, 670 (1929). 

*W. H. Bragg, Proc. Phys. Soc. (London) 34, 98 (1922). 


MEASUREMENTS 


The neutron diffraction measurements have been 
made with heavy (D2O) ice. D2O was used because 
the coherent neutron scattering cross section for 
deuterium (~5 barns), is larger than for hydrogen 
(~2 barns), and also the diffuse scattering for 
deuterium is much smaller than for hydrogen. 

The measurements were made with the powdered 
crystal technique with monochromatic neutrons 
from the ORNL pile as previously described‘ for 
other powdered crystal measurements. In this case 
the powdered ice was held in a special cold cell 
maintained at —90°€ by a dry ice-acetone cooling 
mixture. The D.O was frozen, powdered in a mortar 


- and loaded into the cooling cell, the work being 


done in a dry box so as not to contaminate the D.0 
with ordinary water. 

The average results of a number of diffraction 
measurements with separately prepared powdered 
samples is shown in Fig. 1. The intensities in this 
pattern were obtained in terms of absolute cross 
sections by comparing the pattern for a known 
amount of ice with the pattern given by a known 
amount of diamond which is used as a standard 
since the carbon coherent cross section is accurately 
known. It will be noticed from the figure that some 
of the diffraction lines are not resolved. It is not 
possible with the presently available intensities to 
resolve the closely spaced lines in a crystal with 
hexagonal symmetry such as ice. This lack of 
resolution in the measurements can in some cases 
limit the significance of the data for structure deter- 
minations, but in the present case sufficient informa- 
tion is obtainable from the pattern so that a definite 
choice can be made between a number of proposed 
structures for ice. The absolute integrated inten- 
sities for the measured peaks are shown in the last 


*E. O. Wollan and C. G. Shull, Phys. Rev. 73, 822 (1948). 
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NEUTRON DIFFRACTION OF ICE 


column of Table I, together with other information 
to be described below. 


PROPOSED STRUCURES 


Ice possesses hexagonal symmetry and the oxygen 
atoms are known from x-ray diffraction measure- 
ments to be located in a tetrahedral array, any one 
oxygen atom being located at the center with four 
other oxygen atoms occupying the corners of the 
tetrahedron. The distance between oxygen neigh- 
bors has been determined from the x-ray measure- 
ments to be 2.76A. 

Several proposals have been made over a period 
of years with regard to the location of the hydrogen 
atoms in the ice structure. In 1929 Barnes? proposed 
a structure for ice in which the hydrogen atoms lie 
at the midpoints of lines joining neighboring oxygen 
atoms. The unit cell in this case contains 4 H,O 
molecules with the atomic coordinates: 


In 1933 Bernal and Fowler® proposed a structure 
for ice in which the H2O molecules maintain in the 
crystal approximately the same structure that they 
have in the vapor state. The free H2O molecule is 
known from dipole moment and spectroscopic data 
to have an angle between hydrogen bonds of about 
105° and an O—H distance of about 0.96A. These 
molecular groups are placed in the crystal with one 
hydrogen atom along each of the tetrahedral lines 
joining neighboring oxygen atoms and there are 
then two hydrogen atoms close (~0.96A) to each 
oxygen atom. The existance of molecular groups in 
the crystal is in line with data on the vibrational 
frequencies associated with the O—H bond which 
indicate that the O—H distance is increased by 
only about 3 percent in going from isolated HO 
molecules to ice. In this proposed structure the 
hydrogen molecules are assigned a definite arrange- 
ment which involves a unit cell of 12 molecules. 
(See original paper for atomic coordinates and see 
also, the note added in proof.) 

It has been shown by Pauling® that the structure 
proposed by Bernal and Fowler in which the crystal 
is assumed to have a unique configuration with 
respect to the location of the hydrogen atoms is not 
in accord with the experimentally known fact that 
the entropy of the crystal does not tend to zero as 
the crystal is cooled to very low temperatures. 
Pauling assumes, as do Bernal and Fowler, that 
each water molecule is so oriented that its two 
hydrogen atoms are directed approximately toward 
two of the four surrounding oxygen atoms and that 

5J. D. Bernal and R. H. Fowler, J. Chem. Phys. 1, 515 


(1933). ; 
°L. Pauling, J. Chem. Soc. 57, 2680 (1935). 
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TABLE I. Comparison of observed and calculated intensities 
in the neutron diffraction powder pattern of heavy ice. The 
calculated intensities are on an absolute scale and have been 
obtained using 5.2 and 4.2 barns for the coherent scattering 
cross sections of deuterium and oxygen, respectively. 











Pauling 
Bernal Rotating or half- Ob- 
Fowler Barnes molecule hydrogen served 
sind/X ~—s hkl Prkt hkl Pri Pret Pret _ Pheri 
0.1271 110 406 100 363 304 386 
0.1358 002 240}899 002 202}767 166}647 2193835 830 
0.1442 111 253 101 212 177 230 
0.1860 112 128 102 79 97 104 118 
0.2206 300 199 110 72 131 140 130 
0.2401 113 212 103 14 101 70 (95 
0.2390 302 47| 112 1Slor, 47lon 
; 11 1 4 3 
0.2639 221 664304 201. 67(201 9/70 3/111 98 
0.2717 004 32 004 78 0 41 
0.2745 311 102 
0.2885 222 35/104 202 
0. 2 1 02 199 6 77 
0.3000 114 40 104 34h 253 6 gp 106 97 








only one hydrogen atom lies along each oxygen- 
oxygen line, but contrary to-Bernal and Fowler he 
assumes that the crystal can exist in any of the 
many configurations which satisfy these conditions. 
He also assumes that the crystal can change from 
one configuration to another by rotation of some 
of the molecules or by motion of some of the 
hydrogen nuclei from a position near (~0.96A) one 
oxygen atom to a corresponding position near an 
adjacent oxygen atom. Such motions would involve 
several hydrogen atoms simultaneously in order to 
satisfy the condition that there are always two 
hydrogen atoms near a given oxygen atom. The 
fact that at temperatures above about 200°K the 
dielectric constant of ice is of the same order of 
magnitude as that of water suggests that the mole- 
cules can orient themselves with considerable 
freedom. On the assumption that the crystal upon 
being cooled to very low temperatures is frozen into 
any one of the large number of configurations all of 
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Fic. 2. Schematic diagram of four structural models which 
are used in calculating pattern intensities for various proposed 
structures of ice. 
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which satisfy the above mentioned conditions, the 
entropy of the crystal will tend towards a finite 
value as the temperature approaches zero. Pauling’s 
calculation of this residual entropy leads to a value 
of 0.806 cal. per mole degree and this compares very 
favorably with the experimental values of 0.82 cal. 
per mole degree for ordinary ice and 0.77 cal. per 
mole degree for heavy ice. 

The postulated models described above for the 
ice structure are shown schematically in Fig. 2. The 
oxygen atoms are at the center and corners of a 
tetrahedron. In the Barnes model (A) the hydrogen 
atoms are located midway between oxygen atoms 
whereas in the Bernal-Fowler model (B) there are 
two hydrogen atoms near each oxygen atom in a 
fixed repeating pattern which would require a larger 
cell to illustrate. For the Pauling model, which 
assumes a random molecular grouping, the ex- 
pected intensities can be calculated on the basis of 
a half-hydrogen model (C) in which half the scat- 
tering amplitude of each hydrogen (or deuterium) 
nucleus is associated with the sites shown in (C). 
Calculations for a rotating molecule are based on 
the structure shown in (D) of the figure. 


COMPARISON OF NEUTRON DIFFRACTION 
DATA WITH PROPOSED STRUCTURES 


The results of the neutron diffraction measure- 
ment will now be considered by comparing the 
observed intensities for the heavy ice pattern with 
the calculated intensities for the various suggested 
structures. This comparison has been made for the 
structures proposed by Barnes, by Bernal and 
Fowler, for the case of D2,O molecules rotating 
about the oxygen atoms as centers and for the 
structure proposed by Pauling. 

The ‘smallest unit cell which accounts for the 
oxygen atom positions contains four D2O molecules. 
This cell is satisfactory for the Barnes, rotating 
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Fic. 3. Comparison of experimental intensities for D2O ice 
with those calculated according to four proposed structures. 
The six observed intensity values listed in the last column of 
Table I are plotted as the experimental points in this figure. 
The lines joining the calculated intensity values are of no 
significance except for being a visual aid. 
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molecule and Pauling structures. The Miller indices 
for this cell are given in the fourth column of Table 
I. The Bernal-Fowler structure involves a larger 
cell of 12 DO molecules and the Miller indices cor- 
responding to this structure are listed in the 
second column of the table. For this larger cell 
there are many more possible reflections over a 
given range of sin@/A than for the Barnes cell. The 
structure factors*** and corresponding intensities 
have been calculated for all the possible reflections 
in the range of angles considered but in the case of 
those values of (hkl) not listed, the calculated 
intensities came out to zero or nearly zero. 

For the calculation of the absolute structure 
factors and the corresponding integrated intensities 
(listed as Px: in the table) the sign and magnitude 
of the coherent scattering amplitudes for the 
oxygen and deuterium nuclei must be known. In 
the case of oxygen it has been shown that the scat- 
tering is not spin dependent and that the phase of 
scattering is positive. Direct measurements of the 
coherent scattering by oxygen nuclei in crystals as 
well as measurements of the total scattering give 
4.2 barns for the bound scattering cross section of 
oxygen. For the case of deuterium, recent unpub- 
lished powder crystal measurements with ThD, 
give a coherent scattering cross section of 5.2 barns 
for deuterium and this value has been used in the 
ice calculations. The phase of the deuterium scat- 
tering was shown to be positive in measurements 
with NaD.’ This cross section is measurably smaller 
than the total scattering cross section of 7.5 barns 
for bound nuclei found by Rainwater and Havens 
and this difference indicates a spin dependent scat- 
tering for deuterium. On this basis a diffuse scat- 
tering caused by spin incoherence would be ex- 
pected in the diffraction pattern along with the 
coherent and other diffuse scattering features. 

Using these values for the coherent scattering 
cross sections, the integrated intensities (on an 
absolute scale) have been calculated using the 
structure factors for the various models. The com- 
parison of the observed intensities with those cal- 
culated for the various models is given in Table | 
and also in Fig. 3 where the points represent the 
measured values and the lines show the trend of the 
calculated results. Column 3 in Table I lists the 
calculated intensities for the Bernal-Fowler struc- 
ture, and these are to be compared with the ob- 
served intensities listed in the last column. It is seen 
that this model predicts intensities two and three 
times the observed intensity for the intermediate 
angle reflections and hence is not too suitable for 
describing the structure. 


*** For a cell of this size the structure factor calculations 
are quite laborious and we have been assisted in these calcu- 
lations by Miss E. A. Forbes. 
as no Wollan, Morton, and Davidson, Phys. Rev. 73, 830 
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The intensities calculated for the Barnes model, 
in which the deuterium atoms are assumed to be 











located half way between oxygen atoms, are listed 
in the fifth column of the table. The intensities of 
the reflections at the larger angles are seen to be 
very much higher than the measured values whereas 
at the smaller angles they are smaller than measured. 

The intensities calculated for a rotating molecule 
in which the positional relationship present in the 
water molecule is maintained during rotation are 
shown in the sixth column of the table. A calculation 
for the case of deuterium nuclei rotating inde- 
pendently and at random on a shell of radius 
r=0.96A about the oxygen atoms gives essentially 
the same result. It is to be expected that this ran- 
domness in the orientation of the deuterium nuclei 
with respect to specific directions in the lattice will 
cause. the coherent scattering to fall off with in- 
creasing angle of reflection, as is seen to be the 
case for the calculated values in the table. In any 


case the calculated intensities appear too small for 


both the small and large angle reflections. 

The determination of the integrated intensities 
to be expected for the Pauling model of the ice 
crystal would require one to calculate the intensities 
for each of the many possible configurations which 
the crystal could assume under the previously men- 
tioned assumptions that two.and only two hydrogen 
atoms are at any given time located close to a given 
oxygen atom. When the problem is set up in this 
way it becomes evident that the solution with respect 
to the Bragg scattering by the crystal is just that 
which would be obtained by assuming the crystal 
to possess a substitution disorder with respect to 
hydrogen atoms in which half of the sites available 
for these atoms are unoccupied. This assumes that 
the occupied and unoccupied sites are randomly 
distributed and the requirement of molecular 
(D2O) groups is disregarded. It is hence evident 
that the diffraction measurements are only capable 
of determining that on the average two hydrogen 
atoms will be found close to a given oxygen atom. 
The intensities calculated for what might now be 
called the half-hydrogen model in which an average 
scattering amplitude of fp/2 has been taken for the 
2N sites available to the N deuterium nuclei are 
listed in the seventh column of the table. The agree- 
ment of these calculated values of Pix: with those 
observed experimentally is seen to be good, there 
being only one value which might be considered 
somewhat outside the experimental error. The fact 
that the measured peaks at the larger values of 
(siné)/X are lower than the calculated values can 
be due to a temperature effect or some of it may be 
due to the uncertainty in the deuterium scattering 
cross section. 

This agreement constitutes strong evidence for 
the correctness of the Pauling structure. The 
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neutron measurements cannot, however, in them- 
selves prove the absence of any (D,O)*+*+, (D;0)t, 
(OD)- or O- groups in the crystal. That the number 
of such groups is small is borne out by the agree- 
ment of the calculated and experimentally deter- 
mined residual entropy. A random distribution of 
the various possible groups would lead to a value 
of the residual entropy about three times greater 
than the measured value. 

That there is a randomness in the location of the 
deuterium nuclei in the crystal is shown also by the 
magnitude of the diffuse scattering. With an aver- 
age coherent scattering amplitude of fp/2 for the 
2N deuterium sites in the crystal, the average 
coherent cross section per deuterium nucleus will be 
(4r/N)> o(fo/2)?=4(4rfp?). The coherent scat- 
tering cross section in a crystal with no randomness 
in the location of deuterium nuclei would be 4xfp? 
and the difference 4rfp?—43(4mfp?) will appear for 
the ice crystal as a diffuse scattering arising from 
the random character of the lattice. In addition to 
the diffuse scattering arising from this cause there 
will be diffuse scattering arising from spin de- 
pendence and a small amount from the usual Debye 
temperature effect. In addition to these true sources 
of diffuse scattering there is always present in our 
neutron experiments a small background which 
arises from multiple scattering of Bragg diffracted 
radiation. 

Although, as yet, no real effort has been made to 
make an accurate determination of the diffuse scat- 
tering by ice, the measurements agree quite well 
with the calculated values. An approximate cor- 
rection can be made for multiple scattering and the 
temperature diffuse scattering is negligible at small 
angles. The spin scattering per deuterium nucleus 
is given by 4rfp?(total) —42fp?(coherent) = 7.5 —5.2 
= 2.3 barns and the corresponding random disorder 
scattering is, as we have shown above, equal to 
4(4rfp?(coherent)) =2.6 barns. The sum of these 
cross sections, 4.9 barns per deuterium nucleus, 
agrees within experimental error with the observed 
value after correction for the multiple scattering. 
Thus the diffuse scattering constitutes an addi- 
tional check on the random nature of the lattice. 

We are not in a position at this time to discuss the 
relation of our results to the diffuse streaks which 
Owston and Lonsdale® has observed in their x-ray 
Laue photographs of ice. We hope, at a later date, to 
see whether or not this effect will also be observed 
with neutrons. The ice measurements represent the 
first real effort at applying neutron diffraction to the 
study of the location of hydrogen (or deuterium) 
nuclei in crystals and they show the potentialities 
of this technique in such structure analyses. 


8 P. G. Owston and K. Lonsdale, J. Glaciology I, 118 (1948). 
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Note added in proof: Since this paper went to press, Lonsdale 
and Owston have pointed out to us by correspondence that 
the parameters given by Bernal and Fowler, namely, y=0.105 
and Z =0.037, are incorrect and should be changed to y=0.115 
and Z=0.0435. This change in the value of the parameters 
would affect somewhat the intensity calculations given in 
column 3 of Table I but this change could almost certainly 
not produce good agreement between this model and our 
observed results since the coherent scattering by the hydrogen 
atoms in a model in which these atoms are fixed at definite 
sites will always be twice as great as that produced by the 
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Pauling model. The calculated intensities given in Table | 
for the Bernal-Fowler model are all higher than the observed 
intensities given in column 7 of the table and it would not be 
expected that a revision of the parameters would alter this 
situation. 
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PHYSICAL REVIEW 


N a previous paper by one of the writers! it has 

been pointed out that to a high energy bom- 
barding particle a nucleus appears partially trans- 
parent, since at energies of the order of 100 Mev 
the scattering mean free path for a neutron or 
proton traversing nuclear matter becomes com- 
parable to the nuclear radius. This transparency 
effect is strikingly apparent in the experiments of 
Cook, McMillan, Peterson, and Sewell? on the 
scattering by nuclei of neutrons of about 90 Mev. 
In the present paper it will be shown that the 
observed scattering cross sections can be quite 
satisfactorily accounted for, using a mean free path 
of the expected magnitude. 

The problem is that of the scattering of the 
neutron wave by a sphere of material characterized 
by an absorption coefficient and an index of refrac- 
tion. The index of refraction is determined by the 
mean potential energy, V, of the neutron in the 
nucleus. If k=(2ME)*/h is the propagation vector 
of the wave outside the nucleus, its propagation 
vector inside is k+,, with 


ki=k[ (1+ V/E)*—1]. 


For E=90 Mev, k=2.08X10" cm-. The potential 

V is generally taken to be about 8 Mev larger than 

the energy of the Fermi sphere. The latter depends 

on the assumed nuclear density. If we use for the 

nuclear radius*the value R=1.37A?X10-" cm, 
1R, Serber, Phys. Rev. 72, 1114 (1947). 


*L. J. Cook, E. M. McMillan, J. M. Peterson, and D. C. 
Sewell, Phys. Rev. 75, 7 (1949). 
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The Scattering of High Energy Neutrons by Nuclei 
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The experiments of Cook, McMillan, Peterson, and Sewell on the cross sections of nuclei for 
neutrons of about 90 Mev indicate that the nuclei are partially transparent to high energy neutrons. 
It is shown that the results can be explained quite satisfactorily using a nuclear radius R=1.37At 
X10-% cm, a potential energy for the neutron in the nucleus of 31 Mev, and a mean free path for 
the neutron in nuclear matter of 4.5 10- cm. This mean free path agrees with that estimated from 
the high energy 7-p cross section, but the results are not sensitive to the choice of mean free path. 


deduced by Cook, McMillan, Peterson, and Sewell 
from the 14-25 Mev scattering results of Amaldi, 
Bocciarelli, Cacciapuoti, and. Trabacchi,? and 
Sherr,* we find a Fermi energy of 22 Mev, and 
V=30 Mev. This gives ki: =3.22X10" cm. The 
absorption coefficienf in nuclear matter is equal to 
the particle density times the cross section for scat- 
tering of the neutron by a particle in the nucleus, 


K=3Aoe/4rR’. 
In terms of the u-p and n-n cross sections, 
og =[Zonpt+(A—Z)onn |/A. 


Cook et al.,? give for the scattering of a 90 Mev 
neutron by a free proton Gnap(tree) = 8.3 X 10-26 cm?. 
This cross section must be reduced to allow for the 
effect of the exclusion principle on the scattering by 
a proton bound in the nucleus; according to Gold- 
berger,® the factor is onp=3onpitree). Assuming a 1/E 
dependence of the cross sections we find, for 
E=90+30=120 Mev, onp=4.15X10-2* cm?*. If, 
following Goldberger, we take gan=tonp, and use 
the previously quoted radius formula, we obtain 
K=2.4X10" cm for Z/A =}, K=2.110" cm— 
for Z/A=0.39 (U). It will be seen from these 
numbers that in the ensuing calculations it will be 
a reasonable approximation to suppose that kR>1, 
but ki/k and K/k<1, so that ki:R and KR are of 
order one. 


3E. Amaldi, D. Bocciarelli, B. N. Cacciapuoti, and G. C. 


Trabacchi, Nuovo Cimento 3, 203 (1946). 
‘R. Sherr, Phys. Rev. 68, 240 (1945). 
5M. L. Goldberger, Phys. Rev. 74, 1268 (1948). 
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Fic. 1. Absorption, diffraction 
and total cross section as a func- 
tion of the nuclear radius mea- L2 
sured in mean free paths. These 
curves are for ki/K=1.5. 10 











The scattering cross section consists of two parts. 
The first, the “absorption cross section,” is just 
wR? times the probability that the neutron collides 
with a particle in the nucleus. This is not true 
absorption: inelastic scattering and scattering with 
exchange are included. The second part, the ‘‘dif- 
fraction scattering,’ is elastic scattering arising 
from the disturbance of the incident plane wave by 
the nucleus. To illustrate the calculation, we first 
consider the scattering from a disk of radius R and 
thickness JT. We suppose there is a boundary layer 
at the surface of the disk in which k; and K rise to 
their interior values in a distance larger than 1/k.® 
There will then be no scattering at the surfaces, 
and, for unit amplitude of incident wave, the wave 
transmitted through the disk will have an amplitude 
and relative phase a=exp(—3?K-+12k,)T. The ab- 
sorption cross section is 


= R(1—|a|?) =eR2(1—e-¥7). (1) 


The diffraction cross section can be found from the 
consideration that on a plane behind the disk the 
wave is no longer plane, but differs from a plane 
wave by an amplitude 1—a in the shadow of the 
disk. This amplitude represents a scattered wave, 
and the corresponding cross section is 


oa=nR*|1—a|? 
=e R*(1—2e-!*7? coskiT +e-*7). (2) 


It can easily be shown that the angular dependence 
of the scattered amplitude is 


6 In terms of the model being employed, the finite intercept 
of the R vs. A} line obtained from the data on the lower energy 
scattering could be interpreted by the more careful examina- 
tion of the boundary conditions which in this case would be 
necessary. 





f() =k f (1-0) Jo(kp sin®) pdp 
, =(1—a)RJi(kR sind)/sin@, (3) 


which gives the differential scattering cross section 


do a(8) = |f(8) |*dQ 
=(a/r)[(Ji(RR sind)/sind dQ. (4) 


The absorption cross section is, of course, always 
less than +R?, but the diffraction cross section may 
be either larger or smaller, depending on the mag- 
nitude of the phase shift. For large KT, og =04=7R”. 
In the opposite limit of small KT and kiT, we have 


da=TtR’KT =Ao, 
og=mR(4K?+hk2)T?=1A0[1+4(k2/K?) JKT. 


Thus for low density or small thickness, o, ap- 
proaches the sum of the scattering cross sections 
of the separate nucleons. The diffraction cross 
section, however, vanishes in the limit, being pro-. 
portional to the probability of double scattering. 

The corresponding calculations for a sphere are 
only slightly more complicated. The portion of the 
wave which strikes the sphere at a distance p from 
a line through the center of the sphere emerges after 
traveling a distance 2s, with s?>=R?—p*. Its ampli- 
tude on emerging is a=exp(—K-+21k,)s, so that, in 
place of (1) we have 


R Rk 
va=2e f (1 —€-***)pdp=2r | (1 —e-?**) sds 
0 0 


5 
= wR%{1—[1—(1+2KR)e*"]/2K?R}. ©) 


This formula for the absorption cross section has 
previously been given by Bethe.’ Similarly, in 


7H. A. Bethe, Phys. Rev. 57, 1125 (1940). 
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place of (2), we have 
R 
centr f | 1 —e(-K+2ik1)#!25d 5 
0 


= rR*L1+(1/2K?2R*){1—(1+2KR)e—2K®} 
— (1/(2K*+h:*)*R?) { (2K?— he?) 
+e-*®[ 2h R(LK?+h,?) +kiK] sin2kiR 
—e-*®[ (}K*—ky") +KR(QK* +214) ] 
Xcos2k:R} ]. (6) 
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at the surface of the sphere. It can easily be seen 
that this is legitimate, since it gives an effect of 
order (k1/k)RiR. 

For the angular distribution we find, in analogy 
to (3), ‘ 


R 
f(0) =k f [1—e-K+2#4]Jo(kep sind)pdp. (7) 


For KR, we again obtain (4), but we have not 
found a convenient expression in the general case. 
The amplitude for forward scattering is easily 


In deriving (5) and (6) we have neglected refraction evaluated, and is found to be 








RR? (ki—3iK)*[1—(1 es 
2(4K?+h,")?R? 


fQ)=-——Fi+ 
2 


For purposes of calculation, the integral can be 
converted to a sum; letting /+4=p and using the 
relation Jo((/+ +) sin@) =P;(cos@), valid for large / 
and small 0, we find 


1+4<kR 
F()=3k D (2l+1)(1—e +94) Pi(cosd), (9) 
1=0 














where 
Si=Lk?R?— (1+-3)?]*/k. 
T tT 1 , 1 ' 
it A | 
uU 
8r / 7 
7r 4 a 
$sn 
6 ol 
Cuss2n 
2 
wi d 
: 4Cci 
o 4k mA 7 
: Mg 
4 
« () 
Zn 
3 / ; 7 
Li - R137 rn 
el 4 
te + 
: 2 ; ; 5 ¢ 7 
° t 3 


Fic. 2. Nuclear radii deduced from the total cross section 
measurements of Cook, McMillan, Peterson, and Sewell, 
plotted against the cube roots of the mass numbers. The 
straight line is R=1.37A?X10-* cm. 


(8) 





This expression can also be obtained by a partial 
wave analysis, using the WKB method to evaluate 
the phase shifts. This gives 


61 = (ki +4tK)si, 


whence we immediately obtain (9), and for a, 
and oa, 


a= (/k*)Di(21-+1) (1 —e2**), 
cam (n/k*)E1(21-+1) | 1 ee +2iee, 


(10) 
(11) 


Converting the sums in (10) and (11) to integrals 
we again obtain (5) and (6). 

In Fig. 1 we have" plotted o./xR?, oa/rR?, and 
the total cross section o;:/rR?=(0q+04)/rR? as 
functions of KR. The ratio o./rR? is a function 
only of KR; the other two depend on k;/K as well. 
The curves in Fig. 1 have been plotted for ki/K 
=1.5, about the ratio indicated by our earlier con- 
sideration of the expected magnitude of the con- 
stants. Using this plot it is possible to determine, 
once a value of K is chosen, the radius required for 
each nucleus to give the measured total cross 
section. The radii calculated in this way from the 
observed cross sections, using the value’ K=2.2 
X10" cm’, are shown in Fig. 2. It will be seen that 
they lie quite closely on the line R=1.37A*X10-" 
cm; the self-consistency of our description of the 
scattering process is thus established. The value 
K=2.2 X10" cm corresponds to a mean free path 
in nuclear matter of 4.5X10-— cm. The associated 
value, ki=3.3X10" cm-, corresponds to V=30.8 
Mev. 

The question now arises as to the accuracy with 
which the constants K and k, are determined by the 
scattering data. If k; is decreased, keeping K 
constant, it is found that the radius curve, Fig. 2, 
is pulled up in the middle; the resultant curve can 


§ The small dependence of K on Z/A is unimportant, as we 
shall see later. . 
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be approximated by two straight lines, the light 
elements lying on a steeper line through the origin, 
while the heavy elements lie on a less steep line 
with a positive intercept. Increasing ki has the 
opposite effect. A variation in ki of +0.2X10" 
cm~', or in V of +2 Mev, begins to produce appre- 
ciable bending. A reduction in K, with fixed hi, 
introduces a curvature in the radius line, the center 
being pulled down and the two ends raised. The 
curvature becomes noticeable if K is reduced to less 
than K =1.9X10" cm-, however K can be almost 
doubled before the opposite curvature becomes very 
pronounced. For example, K =3.0X10" cm gives 
an about equally good straight line, R=1.39A! 
X10-"% cm. The total cross-section measurements 
thus determine the potential fairly well, but are 
quite insensitive to the absorption coefficient. 
Measurements of o, and of the differential dif- 
fraction scattering are required for a better evalu- 
ation of K. It should be noted that while k; and K 
are determined directly from the cross sections, 
the evaluation of V depends also on the energy of 
the incident neutrons. Cook e¢ al. state that the 
energy of the neutrons detected in their experiment 
may be a little lower than 90 Mev, lying somewhere 
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between 80 and 90 Mev. If we took E=80 Mev, 
we would find V=28.8 Mev. 

For K=2.2 X10" cm“, the values of KR range 
from 0.58 for Li to 1.87 for U. It will be seen from 
Fig. 1 that the nuclear opacity, o./7R?, would vary 
from 0.52 for Li to 0.88 for U. It will also be seen 
that over this range of values of KR it would be 
expected that og will be nearly twice as large as oz. 

If one plots the angular distribution of the dif- 
fraction scattering given by (9) (i.e., doa(6)/doa(0) 
versus kRsin@) one finds curves for the heaviest 
nuclei which are indistinguishable from that for an 
opaque nucleus (Eq. (4)), at least as far as the first 
minimum of the diffraction pattern. For the lighter 
nuclei, the form of the curve is closely the same, 
but with an altered scale of abscissa, corresponding 
to using an effective radius somewhat smaller than 
the true radius. The increase in the half width of 
the diffraction peak is zero for. KR=1.78 (Pb), 
3.7 percent for KR=1.20 (Cu), 6.2 percent for 
KR=0.90 (Al) and 9.6 percent for KR=0.63 (Be). 
Measurements of the diffraction scattering and of 
the absorption are now in progress in this laboratory. 

Work described in this paper was done under the 
auspices of the Atomic Energy Commission. 
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He? Isotopic Abundance* 
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(Received December 20, 1948) 


The isotopic abundance of He? in one sample each of ‘“‘well” helium and ‘‘atmospheric”’ helium has 
been measured by detecting the He*(n,p)H# disintegrations induced by thermal neutrons. The helium 
gas was put into a proportional counter, the disintegration rate compared to that with nitrogen in 
the counter, and the He* content deduced from the known ratio of the He* and N disintegration cross 


sections. 


INTRODUCTION 


REVIOUS measurements! ? have indicated that 
He? is present in natural helium in amounts of 
the order of one part in 10° to 10’, and that the 
abundance varies by more than a factor of 10 de- 
pending on the source of the helium. He’ concen- 
tration determination is of special current interest 
in connection with nuclear investigations of inter- 
actions between elementary nuclei, and in con- 
nection with investigations of the thermodynamic 
behavior of He* and He‘ at temperatures of liquid 
helium. 

* This document is based on work performed at Los Alamos 
Scientific Laboratory of the University of California under 
Government Contract W-7405-eng-36. 

1L,. T. Aldrich and A. O. Nier, Phys. Rev. 70, 983 (1946); 
74, 1225 (1948); 74, 1590 (1948). 

2L. W. Alvarez and R. Cornog, Phys. Rev. 56, 613 (1939); 
56, 379 (1939). 


In the present work measurements were made of 
the isotopic abundance of He’ in two samples of 
natural helium: one from wells near Amarillo, 
Texas, and one from air reduction processing. The 
presence of He* was detected by counting ionization 
pulses arising from the disintegration products of 
the reaction He*(n,p)H* induced by thermal neu- 
trons. The cross section for this reaction is about 
5000 barns,’ which is sufficiently large to make it 
possible to detect the He?’ in natural helium samples. 
Data were also taken with nitrogen in the counter, 
in which case one detects the N'!4(m,p)C disin- 
tegrations. Since the protons from the He* and N 
reactions have very closely the same range, the 
“‘wall effect” corrections will be similar for the two 
cases. If counting is done on nitrogen and on 


3 J. H. Coon and R. A. Nobles, Phys. Rev. 75, 1358 (1949). 
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TABLE I. Determination of disintegration rates. 





— 
———=— 





Approx. total 

number dis- Additive 

intergrations correction 
counted =w 


3725 12,000 137.0 
3725 12,000 111.0 
2010 7000 0.32 9.15 
1485 9000 0.54 10.55 
2670 _— _ — 


Corrected 
counts per 
min. =D 


1314 
1343 yAY-= 1278 


Press. of 
added argon 
in atmos. 


1.71 
1.71 


Partial press. 
> of gas 
in atmos. 


0.258 
0.258 
7.47 0.27 
1.143 0.65 
1.95 — 


Counter 
voltage 





Ne-—run 1 

run 2 
“Well” helium 
“Atmospheric” helium 
Pure argon 








helium with the same neutron flux, then the disin- 
tegration rates D taking place within the sensitive 
volume of the counter will be related by: 


Dy/Due = (ontn/oHe'M He), (1) 


where o is the disintegration cross section and n the 
number of atoms per cm*. If J is the relative concen- 
tration of He* in the helium and ? is pressure, then 
the above ratio may be written 


Dy/Due= (on /oHe?) -(2pn/Ipue). (2) 


Using the ratio on/ou.* elsewhere reported,* we can 


COUNTS / MIN. 


PULSE HEIGHT /VOLTS) 


Fic. 1. Differential pulse height distribution curve obtained 
with a thin deposit of normal uranium mounted on the inner 
wall of the counter. The two peaks correspond to the alpha- 
particle groups from U** and U8, 3.0 atmos. argon pressure. 
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Fic. 2. Pulse height distribution curves obtained by count- 
ing N“(n,p)C™ disintegrations. The plotted points represent 
the number of pulses in a 5-volt pulse height interval and the 
point is plotted at the center of the interval. The vertical lines 
indicate standard deviations computed by taking the square 
root of the total number of counts obtained and adjusting this 
to the counting rate. 


TABLE II. He*/He* Ratio X 1077. 








Present 


measurement Aldrich and Nier 





“Well” helium (Amarillo, 
1.73 1.4 


13.0 12.0 
0.6, 1.4, 1.4, 2.0 
<0.3 


xas 
“Atmospheric” helium 
(Airco) 
Beryl crystals (Amarillo; 
Texas) 
Radioactive ores 








- therefore obtain I by determining the counting 


rates at measured pressures. 


APPARATUS AND PROCEDURES 


The techniques and apparatus used were essen- 
tially the same as those reported in the article by 
Coon and Nobles in this issue of the Physical 
Review. There were a few exceptions as follows. A 
normal uranium alpha-particle emitter was used 
inside the counter instead of plutonium. A calcium 
purifier was attached directly to the counter in the 
manner reported by Klema and Barschall.‘ This 
purifier was desirable since the effect of a small Nz 
impurity in the helium would not be distinguishable 
from the effect of He*. The counter gas flowed con- 
tinually over calcium turnings in the purifier at 
about 300°C. The effectiveness in removing nitrogen 
was tested by contaminating a pure argon filled 
counter with a small amount of air, and observing 
the drop in neutron induced counting rate as the 
calcium removed the nitrogen. 


RESULTS 


The pulse height distribution curves are shown 
in Figs. 1 to 4. The curves show counting data taken 
both with and without a cadmium cover over the 
counter. The count with cadmium is subtracted as 
a background except in the small pulse region where 
gamma-rays are detected, and where neutron 
capture gammas from the cadmium interfere. From 
Fig. 2 it is seen that in the case of nitrogen the 
count with cadmium is a very small fraction of the 
count without cadmium (about one part in 800) 


*E. D. Klema and H.-H. Barschall, Phys. Rev. 63, 18 
(1943). 





i 


He’ 


except in the region of small pulses. In the case of 
helium (see Figs. 3 and 4) the count without cad- 
mium is relatively high because of the presence of 
a few residual high energy neutrons getting to the 
region of the counter in spite of the large amount of 
graphite between the counter and the fast neutron 
source. The He‘ recoils from these fast neutrons are 
appreciable in number because of the tremendous 
abundance of He‘ as compared to He’. Figure 3 also 
shows the cadmium difference curve obtained with 
1.95-atmosphere pure argon in the counter. This 
count with argon serves as a background to be sub- 
tracted from.the cadmium difference curves gotten 
with helium. 

The number of disintegrations D taking place 
within the sensitive volume of the counter was 
obtained from 


D=YVO-LO.-LAt+2Z yw, 


where >. C, is the counting rate without cadmium 
summed over all channels counted; >> C2 is the 
counting rate with cadmium summed over all 
channels counted; A is the background as deter- 
mined with pure argon, this also being a cadmium 
difference count; and >> w is the ‘‘wall effect’’ cor- 
rection determined by adding up the number of 
pulses under the extrapolated lower end of the cor- 
rected pulse height distribution curves. The cor- 
rection >> w accounts at least in part for all small 
pulses whether they are due to “wall effect” or to 
other causes which reduce their size so much that 
they cannot be counted in the lowest pulse height 
counting channel. 

Inserting values for p and D from Table I into 
relation (2), using* one?/on = 2860, and solving for 
I gives values listed in Table II, along with values 
obtained by Aldrich and Nier.! Differences between 
the two sets of values are probably not significant, 
especially in view of the variations which Aldrich 
and Nier find in the He* abundance for samples of 
different origin. 

For correlating the He* abundance with the 
source of helium, the mass spectrograph is better 
than the present counter technique because of the 
large quantity of gas necessary in the counter 
method. For analysis of the He* content in enriched 
samples the counter technique may offer some 
advantages in ease and accuracy, depending of 
course on available facilities. 

The accuracy of the present measurement is 
estimated at +15 percent, which does not include 
the error in the value of oH,?/on which is about +5 
percent. Of the 15 percent error, approximately 6 
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* COUNTS WITHOUT Cd 


Cg* COUNTS WITH Cd 


COUNTS / MIN. 


Oroza 


A=CADMIUM DIFFERENCE | CURVE 
WITH PURE ARGON 





PULSE HEIGHT (VOLTS) 


Fic. 3. Pulse height distribution curves obtained with 
“well” helium. The plotted points represent the number of 
pulses in a 10-volt pulse height interval and the point is 
plotted at the center of the interval. The difference curve, 
Ci—C:—A, corresponds to the number of He*(n,p)H® disin- 
tegrations. 


C,* COUNTS WITHOUT Gd 


COUNTS / MIN 


G,= COUNTS WITH Gd 





_ PULSE HEIGHT (VOLTS) 


Fic. 4. Pulse height distribution curves obtained with 
“atmospheric” helium. The plotted points represent the 
number of pulses in a 10-volt pulse height interval and the 
point is plotted at the center of the interval. The difference 
curve, C1—C:—A, corresponds to the number of He®(n,p)H® 
disintegrations. 


percent is statistical error determined by consider- 
ing the number of counts obtained. The correction 
> w which involves extrapolation of the curve to 
zero pulse height may introduce 5 percent error. 
Background fluctuations from spurious electrical 
disturbances assume more importance because of 
the low counting rates. There is an undetermined 
effect of capture gammas from neutron capture in 
cadmium; these gammas cause a larger number of 
small pulses when cadmium surrounds the counter 
than when it does not. 

Thanks are due Richard Taschek and E. R. 
Graves for helpful criticisms, and R. W. Davis, 
Warren Nyer, and Ralph Nobles for help in de- 
veloping and assembling the apparatus. 
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Disintegration of He* and N'* by Thermal Neutrons* 


J. H. Coon anno R. A. Nosies** 
Los Alamos Scientific Laboratory, Los Alamos, New Mexico 
(Received December 20, 1948) 


Cross sections for the -p reactions induced in He* and N" by thermal neutrons have been deter- 
mined by detecting the disintegrations in a proportional counter. The values obtained are 5040+200 


and 1.76+0.05 barns. 





INTRODUCTION 


N accurate measurement of the absorption 
cross section of boron for thermal neutrons 
has been made! and serves as a convenient standard 
for other determinations. In the present measure- 
ments it is assumed that the boron absorption is 
due entirely to the B'°(,a)Li’ reaction and com- 
parisons are made to determine cross sections for 
two other reactions yielding charged particles, viz? 
He*(n,p)H*® and N!4(n,p)C'4. Hughes and Eggler. 
first detected by cloud chamber a high probability 
for the He® reaction. The present measurement on 
He’ is in part preparatory to making measurements 
with neutrons of higher energies for determining the 
energy dependence. 

The N* disintegration has been observed by 
many investigators and the reaction cross section 
measured? over a range of fast neutron energies. At 
thermal energy several measurements of the 
nitrogen absorption cross section, as distinguished 
from a measure of the u-p disintegration, -have 
been made.* 5 
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Fic. 1. Pulse height distribution curve obtained with the 
alpha-particles from a thin deposit of Pu®*® located near the 
inner wall of the counter. Gas filling: 0.4205 cm* He? plus 87.8 
cm pressure of argon. 


* This document is based on work performed at Los Alamos 
Scientific Laboratory of the University of California under 
Government Contract W-7405-eng-36. 

** Now at the University of New Mexico, Albuquerque, 
New Mexico. > 
ae J. Marshall, and L. Marshall, Phys. Rev. 72, 193 

2 D. J. Hughes, and C. Eggler, Phys. Rev. 73, 809 (1948). 
a 3 45} H. Barschall and M. E. Battat, Phys. Rev. 70, 245 

*H. Lichtenberger, H. Fowler, and A. Wattenberg, Argonne 
Laboratory Report No. CP 781, July 1943. 


In the present work measured quantities of He’, 
Ne, and BF; were used in a proportional counter 
which was located in a fixed geometry in a region 
containing thermal neutrons. The disintegrations 
occurring in the gas were counted, and by suitable 
corrections the disintegration rate D occurring 
within the sensitive volume was determined. If o 
represents disintegration cross section and n the 
number of atoms per cm’, then: 


Ds Due: Dy 
= = (1) 


NpOB NHe*7He?’ NNON 





From this relation we can determine the unknown 
cross sections if we take op as the known standard 
and use measured quantities of gas. 
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Fic. 2. Pulse height distribution curve obtained by counting 
He*(n,p)H® disintegrations. The plotted points represent the 
number of yon per minute in a pulse height interval which 
extends half way to the points immediately above and below. 
Gas filling: 0.4205 cm* He? plus 87.8 cm pressure argon. 


APPARATUS AND PROCEDURES 


The counter was a 3-inch diameter brass cylinder 
with a 0.005-inch diameter center wire and a 
sensitive length of about 6 inches. The sensitive 
length was limited by hypodermic tubing extending 


‘over the wire in the end regions of the counter, the 


design of which was similar to one previously 
described.* The voltage was adjusted to give a gas 


5 Christian Lapointe and Franco Rasetti, Phys. Rev. 58, 554 


(1940). 
6 J. H. Coon and R. A. Nobles, Rev. Sci. Inst. 18, 44 (1947), 
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DISINTEGRATION BY THERMAL NEUTRONS 


multiplication of about 20. A Los Alamos Model 
100 pulse amplifier? was used with a shortest 
between-stage coupling time constant of 20 micro- 
seconds to limit the low frequency response. The 
output of the amplifier was fed into a 10-channel 
differential pulse height selector® which analyzes the 
pulse height distribution by dividing a chosen range 
of pulse heights into 10 equal pulse height intervals 
and counting the number of pulses having heights 
within each interval. 

A check on the operation of the detecting and 
counting apparatus was made by counting alpha- 
particles emitted from a thin deposit of Pu®*® on a 
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Fic. 3. Pulse height distribution curve obtained by counting 
N"(n,p)C™ disintegrations. Gas filling: 366 cm* Ne plus 88.7 
cm pressure argon. 


foil mounted near the inner wall of the counter. 
This source was mounted on a rotating disk and 
could be moved, so as not to see the counting 
volume, by a rotation of the counter. The value 
5.15 Mev® was taken as the alpha-particle energy 
and served as an energy standard in looking for the 
disintegration particle groups. The observed pulse 
heights were correlated by use of a precision stand- 
ard pulser and in this way one obtained a measure 
of disintegration energy (see Fig. 1). 

The counting geometry was contained in a 
graphite prism built up of graphite blocks, the prism 
having dimensions 5 ft.X5 ft.xX9 ft. high. The 
counter and a radioactive source yielding fast 
neutrons were placed in cavities within this prism 
near its vertical axis, the source being 48 inches 
above the counter. Under these conditions the 
neutrons arriving in the region of the counter have 
very nearly a Maxwell distribution in energy cor- 
responding to room temperature. 

Care was taken to obtain high purity and accurate 
quantity measurement of the gases used. The He’ 
was the decay product of purified H* which had 


anne Sands, LADC-82, Los Alamos Laboratory, July 


ioe W. Dexter, LADC-414, Los Alamos Laboratory, May 
* 0, Chamberlain, J. W. Gofman, E. Segré, and A. C. Wahl, 
Phys, Rev. 71, 529 (1947). 
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Fic. 4. Pulse height distribution curve obtained by counting 
B!°(n,a)Li’ disintegrations. Gas filling: 7.63 cm* BF; plus 73.5 
cm pressure argon. 


been converted to heavy water. For use in a counter 
the residual H* content in the He*® gas was reduced 
to a sufficiently low value by successive additions 
of hydrogen as a carrier in chemical purification. 
Likely impurities were removed by passing the gas 
through furnaces containing hot CuO and hot Ca, 
and then through a liquid air trap. Spectroscopic 
grades of Nz and A were used. The BF; was frozen 
down in a liquid nitrogen trap, pumped, warmed 
and allowed to expand, frozen down again and 
recycled in this way several times. Then the BF; 
was flowed into the counter through a CO, trap.” 

For each gas the quantity used was adjusted to 
give satisfactory counting rates, and argon then 
added to reduce the range of disintegration frag- 
ments to a suitably small fraction of the counter 
diameter. ‘‘Wall effect’’ corrections were small. 
Table I lists gas volumes and pressures and oper- 
ating counter voltages. 

The counting with any particular gas filling was 
done alternately with and without a cadmium 
cover over the counter for several cycles. The count 
with cadmium was then subtracted asa background, 
except in the small pulse region where gamma-rays 
were detected, and where neutron capture gammas 
from the cadmium interfered. Counting with and 
without cadmium was also done with pure argon 
in the counter and this count served as an additional 
background to be subtracted. These backgrounds 
were always less than one percent. 

An approximate ‘wall effect” correction was 
calculated for each gas filling taking account of the 
range of the lighter disintegration particle and the 
stopping power of the gas. In this calculation it was 
assumed that the angular distribution of the par- 
ticles was isotropic, and the following approxima- 
tions were made: the counter walls were con- 
sidered as plane instead of curved, the effect of 


10 The He? processing was done by E. S. Robinson and M, 
Goldblatt, and the BF; processing by R. M. Potter at this 
laboratory. 
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TaBLE I. Experimental data and calculated cross sections for the n-p reaction induced in He* and N™. 

















Disintegration 
energy using 
Press. at Operating Corrected Pu? alphas 
Vol. at 0°C 15°C in counter disint. per as standard o =o /oB X703 in 
Gas in cm? cm Hg voltage minute Mev units of barns 
He’ 0.4205 a 2250 1636 0.78 5040+200 
A —_ 87.8 
He?* [0.503 initial ] —_— 1900 [1496] — [3850] 
A _ 102.0 5000+ 1000 
Ne 366.0 21.4 3120 1015 0.63 1.795 
A — 88.7 Av. = 1.76 
Ne 1007 57.1 3760 2680 0.65 1.724{ +£0.05 
A none 
BF; 7.63 — 1750 4152 \ 2.25 705 
A Bio 73.5 Av. = 703 
BF; 24.1 _ 2060 13,040 2.22 701 { (standard) 
A — 94.0 
RESULTS 


corners was neglected, the range of the heavy recoil 
nucleus was neglected, and the specific ionization 
of the particle was assumed independent of energy. 
Let No be the number of disintegrations per second 
per cm* in the counter, and let R be the path length of 
a disintegration particle which expends all its energy 
in the gas. It can be shown that under the above ap- 
proximations, the number of particles striking the 
counter wall per cm? per second is NoR/4, and 
that the pulse height distribution arising from these 
particles is such that there are an equal number of 
pulses per unit pulse height interval for pulse 
heights ranging from zero to a maximum value, this 
maximum value being the pulse height arising from 
a particle which loses all its energy in the gas. By 
use of this calculation the measured pulse height 
distribution curves were extrapolated to zero pulse 
height as indicated in Figs. 2, 3, and 4. 

The neutron absorption oi the gas filling itself 
has the effect of depressing the neutron density in 
the region of the counter. The amount of this effect 
will differ for the different gas fillings. To prove this 
effect negligible a ;4-inch thick brass cylinder was 
slipped over the length of the counter. The ob- 
served drop in counting rate due to this added 
brass was 11 percent. The thermal neutron capture 
cross section of the Cu and Zn in this added brass 
was calculated to be 100 times or more greater 
than the capture by the gas in any case used. 
Therefore the gas absorption in no case depressed 
the neutron density by more than about 0.1 percent. 

Neutron absorption in the counter walls will tend 
to shift the neutron spectruni from a Maxwell dis- 
tribution at room temperature to a higher average 
energy. This effect cancels out if the cross sections 
in question vary inversely as the neutron velocity 
which is probably the case over the narrow range of 
neutron energy involved. 


Figures 2, 3, and’4 show typical pulse height dis- 
tribution curves for the counter filled with He’, 
No, and BF3. The width of the peaks is a charac- 
teristic of the counter behavior and the detecting 
equipment, one contributing factor being the width 
of the counting channels. No special attempt was 
made to minimize the effects contributing to the 
width of the peaks, since the significant datum is 
the area under the curve rather than its shape. 

Because of the width of the pulse height peaks, 
the disintegration energy determinations listed in 
Table I are crude*and serve principally only to 
identify the reaction under investigation. These 
energies are already known with greater precision 
than could be attained by this method. For example, 
Hughes and Eggler? gave Q values of 0.740 and 
0.597 Mev for the He* and N* reactions. 

With reservations noted above regarding the 
small pulse region where gamma-rays are detected, 
the number of disintegrations D taking place within 
the sensitive volume of the counter was obtained 
from: ' 


D=Va-LG-LAt+L »w, 


where >> C; is the counting rate without cadmium, 
summed over individual channels; >> C2 is the 
counting rate with cadmium, similarly summed over 
individual channels; >> A is the background deter- 
mined with argon, this also being a cadmium dif- 
ference count; and >> w is the small pulse and 
“‘wall effect” correction determined by adding up 
the number of pulses under the extrapolated lower 
end of the corrected pulse height distribution 
curves. The quantity }> w accounts for pulges 
which are small because of ‘wall effect’”’ or other 
causes which reduce their size so much that they 
appear in the pulse: height region where pulses due 
to gamma-rays appear. 
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INTERACTION OF PROTONS WITH TRITIUM 


Using values of D determined as above and using 
703 barns! for boron, one obtains cross sections for 
He’ and N from relation (1). The values so obtained, 
as listed in the last column of Table I, are: 


oue'(n,p) =5040+200 


and 
on(,p) =1.76+0.05 barns. 


Since the value of 703 barns applies to neutrons of 
2200 meters per second or 293°K, the present deter- 
mination applies to neutrons of this same energy 
even though there may have been a distorted 
spectrum in the region of the counter. 

The second He? filling partially leaked out of the 
counter before any data were obtained. Counting 
with this unknown quantity of He*® and assuming 
none was lost gave a value of ¢=3850 barns. Cor- 
recting this for the estimated loss gave a value of 
5000+ 1000. 

The largest error was in the extrapolation of the 
pulse height distribution curves to zero and in 
evaluation of the number of small pulses. However, 
three sets of data on the good He? filling taken 
under somewhat different conditions and at inter- 
vals one week separated gave values with a total 
spread of only 2.3 percent. The data-taking was 
intermittent and extended over a period of three 
months, beginning and ending with the two nitro- 
gen runs. Counting rates were such that statistical 
errors were negligible. 
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Values of the absorption cross section of nitrogen 
have been determined by Lapointe and Rasetti® 
and by Lichtenberger e¢ al.4 who obtained 1.4+25 
percent and 1.72 barns, respectively. These values 
have been adjusted so as to be dependent on a 
boron absorption cross section of 703. Comparison 
with the present measured value of 1.76+-0.05 for 
the n-p disintegration process gives a limit to the 
probability of other processes competing with the 
n-p process. 


Note added in proof: Since submission of this manuscript two 
papers on the He? reaction have appeared in the literature. 
King and Goldstein," from measurements with pure He? 
samples, obtain a value of 5000 barns for the total cross section 
of He? for 293° neutrons. This is in good agreement with the 
present value. In England, Batchelor e¢ al., working with the 
very low concentration of He® in normal “atmospheric” 
helium, measure a cross section value of 3700 barns for the 
n-p reaction. They quote an error of +250 barns plus what- 
ever uncertainties there are in the values they used for the 
N(n,p) reaction and for the He® isotopic abundance in their 
gas sample. The best information on these quantities does not 
reconcile the discrepancy between our value and the British 
value. 
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PHYSICAL REVIEW 


A Study of the Interaction of Protons with Tritium* 


R. F. Tascnek, G. A. Jarvis, A. HEMMENDINGER, G. G. EVERHART, AND H. T. GITTINGS 
Los Alamos Scientific Laboratory, Los Alamos, New Mexico 


(Received December 20, 1948) 


Preliminary measurements of the scattering cross section of tritium for protons and the reaction 
cross section for T*(p,n)He® have been made. A method of analysis for hydrogen in tritium samples is 
described. The neutron yield of the reaction is high and will make it a useful source; the threshold is 
sharp and can be used as a point on the energy scale of nuclear physics. Angular distributions for 
scattering and cross sections for the reaction are given. 


INTRODUCTION 


HIS is a preliminary report on experience with 
the interaction of protons and tritium for proton 
energies between 900 key and 2.5 Mev asaccelerated 
by the Los Alamos electrostatic generator. Tritium 
gas targets were used, the particular design reported 
elsewhere,! although this target has no immediate 
advantage for some of the work reported here. 
* This document is based on work performed under U. S. 
Government Contract Number W-7405-Eng-36 at the Los 


Alamos Scientific Laboratory of the University of California. 
1R. F. Taschek, Rev. Sci. Inst. 19, 591 (1948). 
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GAS HANDLING SYSTEM 





Because of the small volume of precious gas 
available special methods of handling it were 
devised. Figure 1 is a schematic diagram of the 
tritium storage and handling system used; heated 
uranium shavings provided a completely satis- 
factory method of evolving the tritium-hydrogen 
mixture stored as hydride in the cold uranium 
when not in use. Titanium would probably have 
been as satisfactory. In case of small air or counter 
argon leaks into the target the uranium also acts 
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as a purifier for the hydrogen gases. Since the total 
amount of gas available was only about 10 cm’ at 
N.T.P., the mercury lift through the 500 cm* bulb 
was used to make a complete transfer of gas at 
maximum efficiency from uranium pump to target 
and vice versa possible. Auxiliary connections could 
be made to suppplies of hydrogen and deuterium 
gas as shown in Fig. 1. 

To guard against the possibility of breaking one 
of the thin aluminum foils sealing the target gas 
from accelerating tube vacuum and thus losing it, 
the ‘‘gas impedance’”’ tube and trip valve shown 
schematically in Fig. 2 were used to connect target 
to accelerating tube. This device was to work by 
having the increase in gas pressure resulting from 
a broken foil fire either an ion gauge or spark plug, 
which in turn would trip the valve at the other end 
of the tube before an appreciable amount of the 
gas escaped through the high impedance flow tube. 
The gas was then to be recovered with the uranium 
pump. Up to the present time this device has not 
had the necessity for firing under the ne for 
which it was designed. 


ANALYSIS OF TRITIUM SAMPLES FOR HYDROGEN 


In order to obtain absolute cross sections for 
particle interactions with tritium, it is necessary to 


Quartz 
Stainless steel U piensa ; 
Te 


Ye Kovar tu 














know the amount of contaminating hydrogen (a 
product of the manufacturing process) with good 
accuracy. Early methods of analysis were quickly 
found to be unreliable and it was decided that 45° 
proton-proton scattering could be used to determine 
the amount of hydrogen. The following method was 
used for the analysis: tank hydrogen was first put 
into the target at about 10 cm mercury pressure, 
accurately measured. At a bombarding energy of 
about 2 Mev, the 45° scattered protons were 
counted. The shape of the pulse height distribution 
was recorded by a 10 channel pulse height analyser? 
with the Los Alamos Model 100 amplifier gain set 
so the peak of the distribution fell in the highest 
channels. Now leaving all variables unchanged but 
the gas, which was replaced to about the same 
pressure from the tritium sample a second pulse 
height distribution was recorded for the same 
number of microcoulombs of protons as in the 
hydrogen run. In Fig. 3 are shown typical pulse 
height distributions for tank hydrogen and for our 
tritium sample; smooth curves have been drawn 
through the total counts in each channel at the 
channel center for ease of representation. For the 
scattering from the tritium sample a double peak 
is observed, the smaller pulse height group cor- 
responding to protons scattered from tritium, the 
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Fic. 1. Tritium storage and gas handling system. 
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Fic. 2. Gas impedance tube and circuits for tritium recovery in case of foil breakage on target. 


larger corresponding to hydrogen scattered protons; 
in this case counter pressure was set to make the 
energy loss from hydrogen scattered protons larger. 
With no further information than this, a direct 
comparison of the number of protons per centimeter 
of Hg target gas pressure under the tank hydrogen 
peak with the number under the hydrogen peak of 
the tritium sample gives the hydrogen concentra- 
tion in the sample, from which the tritium concen- 
tration is immediately obtained. Concentration of 
tritium in the sample used here was 62+2 percent 
obtained from three separate analyses. To check 
whether the sampling out of the tritium storage 
pump was adequate, the first and last analyses were 
made when only the minimum necessary gas was 
evolved, while the middle analysis was obtained 
from gas taken out of a complete evolution of the 
sample. Mean deviation of the three analyses was 
about one percent. 

Obviously a very good analysis would require a 
palladium leaked hydrogen sample for a standard, 
but for the immediate needs this was not considered 
necessary. As a check on the method, one of the 
tank hydrogen runs was used to calculate a value 
of the proton-proton scattering cross section at 45°, 
since this is accurately known. Without attempting 
to correct for partial pressures of contaminating 
gases in tank hydrogen a cross section of 0.453 barn 
per unit solid angle was obtained comparing favor- 
ably with 0.472 barns given by Herb and his col- 
laborators.2 This measurement, in addition to 
checking the adequate purity of the hydrogen, is 
also a check on the accuracy of the proton detecting 


(198 M on Kerst, Parkinson, and Plain, Phys. Rev. 55, 998 


geometry factor of the proportional counter and 
indicates that measurement and calculation of this 
factor is correct to a few percent. 

Considerable experience during the past year has 
shown that the gaseous tritium sample is not stable 
in our target against chemical exchange with 
hydrogen in stopcock grease. Using outgassed 
Apiezon JW grease, this is most clearly shown by a 
progressive decrease in the tritium scattered protons 
and a corresponding increase in the hydrogen 
scattered protons. The use of a completely fluo- 
rinated grease did not greatly help since the tritium 
concentration still decreased, although the hydro- 
gen concentration changed only slightly. It seems 
clear that this exchange phenomenon is greatly 
enhanced by passage of the beam through the 
target, since a sample left in the target overnight 
showed less than half the concentration change it 


NUMBER OF SCATTERED PROTONS 





PULSE HEIGHT (VOLTS) 


Fic. 3. Pulse height distribution of protons scattered from a 
tritium sample and from tank hydrogen. 
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TABLE I. Cross sections at 2.0 Mev. 











Laboratory Center of o(@)°in barns 
angle mass angle per unit 
0 ¢ solid angle a() 
45° 50° 0.325 0.217 
674° 86° 0.189 0.154 
90° 109° 30’ 0.145 0.154 








would have experienced in the same interval with 
a one microampere beam passing through it. 


' P-T SCATTERING CROSS SECTION 


In part a by-product of the analysis problem, 


three values of the scattering cross section of 
protons on tritium have been obtained at 2.01 Mev 
and an angular distribution of scattering between 
45° and 135° at 1.59 Mev. These values are in ab- 
solute units based on the concentration measure- 
ments above. Table I lists the cross sections 
obtained at 2.0 Mev and Fig. 4 shows the laboratory 
and center of mass angular distributions at 1.59 
Mev with the 2.0 Mev data also plotted. 

It appears that for these two energies the dif- 
ferential cross sections are quite similar in value 
for the angular range in which measurements were 
made. The value of op_r(86°) of 0.154 may be 
compared with op_p(90°) = 0.167, both near 90° in 
the center of mass system. 

It is obvious from the data that in the angular 
range shown the differential cross section is pri- 
marily caused by nuclear scattering. The general 
trend with angle and even absolute cross section is 
rather similar to that found in p-d scattering.’ 
The absolute cross sections are probably good to 
only about 10 percent, the relative values to 5 
percent or less. A more detailed and precise inves- 
tigation of the scattering is to be undertaken in the 
near future. This work will be greatly facilitated by 
the higher tritium concentration available. 
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Fic. 4. Laboratory and center of mass system differential 
cross section of protons scattered from tritium. 


‘Sherr, Blair, Kratz, Bailey, and Taschek, Phys. Rev. 72, 
662 (1947). 





HEMMENDINGER, EVERHART, AND GITTINGS 


THE REACTION T*(p,n)He? 


The fiducial point of the energy scale of our Van 
de Graaff generator in the past has been the 
threshold of the Li’(p,2)Be’ reaction,’ because the 
extremely sharp rise in neutron yield allows an 
accurate determination of voltage on the electro- 
static analyzer scale. The proton energy of this 
threshold has been assumed to be 1.86) Mev, a 
value determined by the Westinghouse generator‘® 
relative to presumably known energies at certain 
(p,y) resonances. By direct measurement on a 
curved plate electrostatic analyzer and voltage 
supply Hanson and Benedict’ found 1.883 Mev for 
the same threshold ; a value of 1.889+0.004 was also 
obtained in this laboratory with an improved 
analyzer and voltage supply.** The existence of 
this large a discrepancy in the energy scale is a 
serious one both for the effect on neutron energies 
from endoergic reactions and even more so for the 
whole energy scale of nuclear physics. 

If one now considers the system of reactions 


T’>He?+8+15 kev, T?—He?=15 kev 
and 


p+T*—He?+n-Q, 
we find that in the laboratory system 
Ep =4/3Q=4/3{ (n—p) —(T*—He’) }. 


Assuming that the neutron-proton mass difference 
is 755 kev,®* then Ep=986 kev for the threshold 
of T?(p,2)He*. This shows that either of two things 
may be done; first, if the energy scale were very 
precisely known an extremely good value of the 
neutron-proton mass difference could be obtained 
by measuring proton energy at threshold even if 
the T?—He* mass difference is known to only 20 
percent or so; secondly, one may assume that, under 
the present circumstances, the m-p mass difference is 
known as well as the energy scale and in this way 
calibrate the latter. It was in this way that we 
redetermined our energy scale, the primary diff- 
culty being, for our target, the thickness of the 
aluminum window at about one Mev. Using the 
calculated energy loss in the foil at one Mev, 185 
kev, it appears that our energy scale based on 1.86 
Mev for the Li?7(p,u)Be’ threshold is about 25 kev 
too low, but if 1.89 Mev is used, the observed 
threshold for T*(p,2)He® comes to 990 kev, which 
is about correct. This measurement is to be repeated 


5R. F. Taschek and Arthur Hemmendinger, Phys. Rev. 74, 
373 (1948). 
( “on” Shoupp, Stephens, and Wells, Phys. Rev. 58, 1035 
1 . 
. ua} O. Hanson and D. L. Benedict, Phys. Rev. 65, 33 
1 4 
** Herb, Snowden, and Sala [Phys. Rev. 75, 246 (1949) ] re- 


port a recent and precise value of 1.882 Mev for this threshold. 


®D. J. Hughes, Phys. Rev. 70, 219 (1946). 
®W. E. Stephens, Rev. Mod. Phys. 19, 19 (1947). 
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with condensed tritium targets. At present the best 
determination of foil thickness is obtained by 
assuming the energy of the reaction threshold to be 
986 kev and an energy scale based on 1.89 Mev 
for Li’(p,2) Be’. : 

Figure 5 shows the differential cross section for 
the reaction between threshold and about 2.2 Mev 
proton energy in the target gas for 0° and 90° in the 
laboratory system. The neutron yields were 
measured with eight inch long-counters’® at dis- 
tances of two meters from the source in order that 
near threshold no effects purely due to geometry be 
introduced. The long counters were calibrated with 
a standardized radium-beryllium source placed at 
the target position. It is believed that the cross 
sections are good to only about +10 percent over 
most of the range because the target geometry is 
such that, for these relatively low energy neutrons, 
a rather large amount of scattering material is close 
to the source and not completely symmetrically 
disposed. Experience with measuring angular dis- 
tributions would indicate that the zero degree data 
may be as much as 10 percent too high compared 
to 90°. The angular distributions are to be repeated 
in detail using a target assembly with a minimum 
of scattering material in the vicinity. 

The advantages of T*(p,m)He*® as a monoenergetic 
neutron source are apparent, particularly with a 
low energy machine. With the present generator 
capable of about 2.7 Mev, neutrons up to 1.8 Mev 
can be obtained while only about one Mev neutrons 
are available from the Li’(p,m)Be’ reaction. In 
addition to this, the cone® of neutrons at threshold 
has 60 kev energy, making another strong neutron 
cone source available besides the 30 kev neutrons 
from Li’(p,n)Be’, which is very important for 
certain types of experiments. It should be pointed 
out that the cross sections obtained here are large 
and compare favorably indeed with those from 
Li?(p,n)Be’. The trend of the yield with energy 
indicates even larger yields above the maximum 
reached here. 

It is not useful to compare center of mass cross 
sections since 90° in the laboratory changes con- 
tinuously with energy in the center of mass system. 
As an example, however, at 2 Mev 





6=0° o=0° 
o(@) =0.062 barns, o(¢) =0.029 

6=90° @=117° 
o(6) =0.031, o(¢) =0.035 





a bod -) O. Hanson and J. L. McKibben, Phys. Rev. 72, 673 
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Fic. 5. 0° and 90° laboratory differential cross sections of 
T*(p,) He? as a function of proton energy. 


indicating a rather symmetric distribution in the 
center of the mass system which is borne out by pre- 
liminary angular distributions at 1.2, 1.5, and 1.8 
Mev. The peak in the 0° cross section data just 
above threshold is probably due primarily to the 
fact that up to Ep=120 kev above threshold all 
neutrons lie within some cone of half-angle less 
than 90°, due to center of mass motion, but above 
this energy they suddenly spread out over 47 solid 
angle resulting in a decrease in the 0° yield. A very 
similar phenomenon is observed in the correspond- 
ing lithium reaction, although possibly not so clean 
cut. It will be noted that there is no 90° yield until 
just at the turn over of the 0° curve. 

One can feel reasonably certain that for proton 
energies even considerably larger than those used 
here the neutrons will remain monoergic. This arises 
from the knowledge that the neutrons from 
D(d,n)He® are monoergic at least up to 2.5 Mev 
deuteron energy and the residual nucleus He? is the 
same in both cases, meaning that no excited states 
of He* have been observed up to an excitation 
energy of over 20 Mev for the compound nucleus 
Het. 

‘With the measurement of the cross section of the 
inverse reaction He*(n,p)T*, a rather good check of 
the principle of detailed balance should be possible. 
Preparations are also underway to investigate 
T?(p,7) He‘ which has a Q of approximately 19 Mev 
and should complete the low energy proton inter- 
actions with tritium. 
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Using the slow neutrons available from the thermal column of the enriched uranium pile of this 
Laboratory, the total cross section of the He; nucleus was determined by the transmission method. 
To the precision of the data, this cross section obeys the 1/v law in the range of averaged neutron 
energies extending from about 0.001 to 0.03 electron volt. The product (He,Xv) is found to be 
(11.2+0.5)10* barns X meters Xsec.~!. The possible theoretical implications of these results are 
briefly discussed in connection with the properties of the compound He, nucleus. 





I. INTRODUCTION 


HE large thermal neutron cross section ob- 
served in the reaction He;(n,p)H;! suggested 
that it might be of interest to study the behavior 
of the neutron cross section of Hes nuclei over a wide 
neutron energy range. These measurements ap- 
peared of interest also, in connection with a sug- 
gested method? of obtaining the distribution of He; 
atoms in the vapor and liquid phases of He,— He; 
fluid mixtures. This same method might yield good 
absolute density values of pure He; in its vapor and 
liquid phases since a known small amount of this 
fluid may be experimented on while fully isolated 
thermally. 

The large thermal neutron cross section of the 
He;(n,p)Hs reaction is readily explained in terms 
of the principle of detail balance* applied to the 
inverse reaction H;(,m)He; studied previously to 
some extent.‘ : 

The experiments reported here form the be- 
ginning for a more complete exploration of the 
neutron-proton exchange reaction in the He; 
nucleus. These studies could yield information’ on 
some of the possible properties of the compound He, 
nucleus through which this reaction takes place 
presumably. Total neutron cross-section measure- 


m7 / 
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Fic. 1. Experimental arrangement. 


* This work has been reported on at the New York meeting 
of the American Physical Society, January 28, 1949. 

1 Coon, Goldblatt, Nobles, and Robinson, Declassified Los 
Alamos Report, LADC No. 462, December, 1947; Phys. Rev. 
75, 1358 (1949). 

2 L. Goldstein, Declassified Los Alamos Report, LADC No. 
546, June 1948. 

3 L. Goldstein, Declassified Los Alamos Report, LADC No. 
539, December 1947. 

* Taschek, Jarvis, Hemmendinger, Everhart, and Gittings, 
Declassified Los Alamos Report, LADC No. 538, January 
1947, and Phys. Rev. 75, 1361 (1949). 


ments have been made on Hes, using the low energy 
neutrons available in the thermal column of the 
enriched uranium pile of this laboratory. Previous 
studies at Chicago’ as well as here® have shown that 
relatively intense neutron beams of low energies 
can be obtained from a cavity in a thermal column 
by filtration through graphite. Such neutrons have 
energies ranging. from somewhat greater than 
thermal energy to about 0.001 electron volt, 
depending on the cavity and thickness of graphite 
filter used. 

On quite general grounds it is to be expected 
that the variation of the absorption cross section 
of He; nuclei for slow neutrons should obey the 1/v 
law, v being the relative velocity of the neutrons 
and He; nuclei. This should, indeed be so, provided 
in this low neutron energy region the compound 
He, nucleus does not exhibit some narrow unstable 
excited energy level* The results described below 
indicate that such a level does not exist within the 
precision of our data. 


II. EXPERIMENTAL PROCEDURE 


The total transmission of a neutron beam 
through a known amount of He; gas has been com- 
pared to the transmission of the same beam 
through a known amount of normal boron tri- 
fluoride (BF;) gas and also to the transmission 
through an evacuated reference cell. All three quartz 
absorption chambers were essentially identical. The 
experiment was performed by obtaining trans- 
mission data from a series of rapid exchanges, each 
of a few minutes duration, of the reference, helium, 
boron, and reference chambers, respectively. This 
method should tend to reduce errors caused by 
faulty alignment of the chambers, drifts in the 
neutron beam intensity, or neutron detector be- 
havior. The close checks between exchanges indi- 
cated that these errors were small. 

The detection equipment consisted of a boron 
coated proportional counter with a battery voltage 
supply; a scaler with a variable scaling rate of 64 


5H. L. Anderson, E. Fermi, and L. Marshall, Phys. Rev. 


70, 815 (1946). ; 
*L. D. P. King and J. Fox, unpublished. 
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TaBLE I, Experimental results. 








/ 





Statistical 
! ep o barns (o Xv) He fluctua- 
Graphite Transmission T =E/k*¥** 106 barns tions in 
thickness I/Io* He (absorp- v(average) E =(}myv*) degrees Xmeters/ (¢ Xv) 
(cm) He BF; (total) tion)** meters /sec. volts K sec. (percent) 
0 0.8832 0.8952 4660 625 2471 0.0319 370 11.52 0.25 
0 0.8801 0.8917 4792 648 2385 0.0297 345 11.43 0.22 
8.89 0.8666 0.8739 5373 764 2021 0.0213 248 10.86 0.26 
17.78 0.7461 0.7644 10,990 1554 1004 0.00527 61.2 11.04 0.51 
26.67 0.6078 0.6354 18,680 2623 593 0.00183 21.3 11.07 1.8 
26.67 0.6158 0.6267 18,190 2702 575 0.00173 20.1 10.46 2.3 
35.56 0.5554 0.5948 22,070 3004 517 0.00140 16.2 11.40 3.2 








* I and Io are the respective counting rates through the helium or boron cells and the blank cell. All corrected for background. 
** Obtained from o(BFs) after correction for elastic cross section of boron and total cross section of F nuclei. This involves the omission of the possible 


coherent scattering effects caused by F nuclei in the BF: molecule. 
*** k ig Boltzmann’s constant. 


or 256 depending on the counting rates; together 
with a model 100 amplifier and preamplifier.? An 
independent neutron counter in the thermal column 
acted as a neutron intensity monitor. 

The experimental arrangement is shown in Fig. 1. 
The neutron beam originates in a cavity, 4 ft. deep 
and 1212 inches in cross section, in the thermal 
column of the pile. This cavity tapers toward the 
outer end of the column and terminates in an 
18-inch long boron collimator shown in the figure. 
The average energy in the neutron beam is varied 
by inserting, in front of the absorption cells 3.5 inch 
(8.89 cm) long graphite blocks, 4.25’’ 4.25” in 
cross section. The neutrons passing through the 
quartz absorption cells are collimated by 3” 
diameter circular apertures in cadmium shutters 
placed at both ends of the quartz tube. An addi- 
tional collimator with a 3?” diameter circular aper- 
ture is placed immediately in front of the boron 
counter. The entire set-up is enclosed in a 3,” 
thick cadmium box. An additional boron carbide 
shield is placed around the boron counter. Counter 
background readings were obtained by placing a 
cadmium shutter over the ?” aperture in front of 
the counter. Background readings varied from 0.5 
percent to 10 percent of the counting rate through 
the absorbers depending on the number of filter 
blocks used. 

The quartz containers had a volume of about 200 
cc and an effective length of 25 cm with 0.19-cm 
flat quartz windows on either end. Two of these 
chambers contained 50.44 cc NTP of BF; gas, with 
the natural isotopic abundance ratio, and 8.33 cc 
NTP of Hes, respectively. 

The transmission measurement determines the 
total cross section of the He; nucleus and the BF; 
molecule. These are associated with a neutron 
velocity averaged over the distribution of the 
velocities in the incident neutron beam, i.e., if all 
the neutrons had this same average velocity. These 


7M. Sands, Declassified Manhattan District Reports, 
MDDC No. 131 and 303, January and June 1946. 


average velocities can be determined from the 
known boron cross section and its 1/v behavior in 
the low energy region. This cross section was deter- 
mined from the measured absorption of the BF; 
gas by correcting for the known boron scattering 
and total fluorine cross sections. 


Ill. EXPERIMENTAL RESULTS 


The data obtained have been collected in Table I. 
The first column gives the thickness of the graphite 
filter blocks in centimeters (1 block =3.5 inches). 
The second and third columns give the transmission 
coefficients of the He; and BF; gases. The fourth 
and fifth columns contain the total Hes and boron 
absorption cross sections. The latter of these has 
been obtained by taking the average elastic cross 
section of boron to be three barns® (1 barn =10-*4 
cm?), and the total fluorine cross section® to be 4 
barns in the whole energy range investigated in 
this work. The average velocity, energy and asso- 
ciated temperature of the neutron beam are given 
in the sixth, seventh, and eighth columns, respec- 
tively. The individual determinations of the 
product (oye, Xv) are exhibited in the ninth column 


"TOTAL (BARNS) 





005 =O 05 10 
E, (EV) 


Fic. 2. The total cross section of Hes as a function of the 
average neutron energy. 


8H. Lichtenberger, unpublished. 
9 See H. H. Goldsmith, H. W. Ibser, and B. T. Feld, Rev. 
Mod. Phys. 19, 259 (1947). 
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while the corresponding relative statistical fluctu- 
ations are given in the last column. 

The statistically weighted average of the product 
(oHe; Xv) turns out to be 11.22 X 10° barns X meters/ 
second. A weighting procedure resulting from the 
squares of the deviations A;, where 


A;=(o Xv) weighted — (0 XV); 


again leads to an average value almost identical to 
the statistically weighted average. 
The constant for the He; cross section is given by 


MpFJBFs InIo/Ite; 





(Hes XY) = (on XP) 


Ntes/Hes InIo/Ip =n 


Here the constant (op Xv) has the value 1.545 x 10° 
barns X meters/second,” the n’s are the number of 
the BF; molecules and He; atoms per cubic cen- 
timeter in the absorption cells, the /’s are the effec- 
tive lengths of these two gas columns. J's, IHe3, and 
Isr; are counting rates, corrected for background, 
with the evacuated, He; and BF; filled cells, 
respectively. 

Possible sources of absolute error are those re- 
sulting from the measurement of: (1) pressure, 
temperature, and degree of purity of the filling 
gases; (2) effective lengths of the gas columns; (3) 
the differences in the thicknesses of cell windows; 
(4) the variations in the alignment of the absorbing 
vessels. These together with the statistical fluc- 
tuations lead to a final value 


THe; XV = (11.2-0.5) X 10° barns X meters/sec. 


This excludes any errors inherent in the value of 
(op Xv), the elastic cross section of boron and the 
total cross section of fluorine used in the evaluation 
of (oHe; Xv). 

The weighted root mean square deviation of 
(oHe; XV) expressed in percent fraction of the statis- 
tically weighted average (cHe,Xv) is 2.7 percent. 
This lies well within the limits resulting from the 
more complete estimate of the different sources of 
error described above. 

The results obtained are shown in Fig. 2. This is 
a plot of the total He; cross section as a function of 
the average neutron energy. In addition to the 
above described absolute cross-section measure- 
ments, some normalized cross-section values are 
shown. These were determined previously with the 
same experimental set-up. Since the composition of 
He; and Bio enriched BF; samples for these experi- 
ments was known with less precision, the results 

10 EF, Fermi, J. Marshall, and L. Marshall, Phys. Rev. 72, 
193 (1947); see also, Sutton, McDaniel, Anderson, and 
Lavatelli, Phys. Rev. 71, 272 (1941); and j. Rainwater and 
W. W. Havens, Ws, Phys. Rev. 70, 136 (1946). 

4 An additional error may also result from neglecting the 


possible coherent scattering of the fluorine nuclei in the BF; 
molecules. 


P. KING AND L. 
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have been used to establish only the validity of the 
1/v law. The energy range in these experiments 
extended to energy values as low as 0.001 electron 
volt (44.46-cm graphite filter). 

The usual procedure of reducing the values to a 
definite temperature associated with a Maxwell 
distribution, according to a procedure suggested by 
Bethe,” has not been carried out for the following 
reasons. Although the neutron beam from the 
cavity of the pile proper is probably Maxwellian,” 
its distribution is distorted by the graphite filter 
blocks used. This is due to the very nature of the 
filtration process whereby neutrons with de Broglie 
wave-lengths larger than twice the lattice spacing 
of the poly-crystalline material are no longer scat- 
tered coherently. Furthermore, in order to obtain 
as close a comparison as possible between the boron 
and He absorption cells their gas concentrations 
were adjusted to give neutron transmissions within 
a few percent of each other. This was possible from 
the knowledge of the approximate value of oHe; Xv 
at thermal energies.! 

A Bethe type of correction which is determined 
by the magnitude of the natural logarithm of the 
transmission coefficients could be applied for the 
actual beams used if their distributions were rela- 
tively simple and known. Such a correction, how- 
ever, would not alter the results obtained for 
(oHe, XV), to the precision of the data, as a result of 
the almost equal value of the natural logarithm of 
the transmission coefficients of the He; and BF; 
samples used. 


IV. DISCUSSION AND POSSIBLE IMPLICATIONS 
OF THE RESULTS 


In the interpretation of the results obtained with 
slow neutrons, whereby the absolute neutron 
velocities are of the same order of magnitude or 
smaller than the gas atom velocities, the question 
arises what actual velocities the observed phe- 
nomena correspond to. 

It can be shown" that for any 1/v absorber in 
which the absorbing light nucleus is bound ‘to a 
molecule’ the zero-point velocity of the absorbing 
nucleus does not alter the apparent relative motion 
between the nucleus and the neutron. This means 
that the absorption process is determined by the 
absolute neutron velocity only. A similar reasoning 
applies to the He; atoms as used in this experiment. 
This effect may be stated by saying that the cross 
section for a given neutron beam is independent of 
the temperature of the He; gas. 

The precision of these experiments did not allow 


12H. A. Bethe, Rev. Mod. Phys. 9, 135-136 (1937). 

18 Walter H. Zinn, Phys. Rev. 71, 752 (1947); William J. 
Sturm, Phys. Rev. 71, 757 (1947). 
ass _ for instance, Willis E. Lamb, Jr., Phys. Rev. 51, ‘187 
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for a separation of the He; absorption and scattering 
cross sections for the slow neutrons used here. It is 
possible to show, on quite general grounds, that the 
nuclear scattering cross section in the thermal and 
subthermal energy range should be a constant. In 
view of this and the precision of the data it is justi- 
fied to set an upper limit for the elastic cross section 
of He; for slow neutrons to be less than about 200 
barns. An estimate of the lower limit can also be 
obtained as follows: It is to be remembered here 
that using the quantum mechanical collision cross- 
section formulas for the (,p) exchange reaction and 
the (m,n) elastic scattering process, it is easy to 
show, that in the 1/v region of the former, we may 
write: 





o(n,n) be | Han| (7). 


o(n,p) |Hnapl?\ Q 


where the |H|s are the matrix element moduli for 
the processes indicated by the subscripts, E, is the 
kinetic energy of relative motion of the (n— Hes) 
system, while Q is the energy released in the (n,p) 
exchange reaction (kinetic energy of relative motion 
of the »—H; system=0.75 Mev). The ratio 
|Han!?/|Hnp|?21, so that taking its lower limit, 


‘the scattering cross section, oHe;(",2) turns out to 


be, for thermal neutrons, (E,~0.025 volt), 
OHe3(,%) 293°K = 5100(0.025/0.75 X 108) #1 barn. 


As to the implications of the ‘‘1/v’’ law for the 
He; absorption cross section for slow neutrons, 
which is essentially measured in these experi- 
ments one may make a few qualitative statements.'® 
One may say that in the slow neutron energy region 
the compound He, nucleus through which, pre- 
sumably, the reaction takes place, has no unstable 
level. Furthermore, it is equally unlikely that there 
be in the a-particle a bound excited level near but 


4 See, in this connection, reference 3. 
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below the reaction energy Q, for the process 
He,+Q—He;+2, which is about 20.5 Mev. It is 
indeed probable, that if such a bound level existed 
not too far below 20.5 Mev, that it might have 
deformed the 1/v behavior of the He; slow neutron 
absorption cross section. 

A final remark of some interest may be added here 
concerning the implications on the existence of an 
unstable energy level in He, above 20.5 Mev. Using 
the formalism of the dispersion theory of nuclear 
reactions it can be shown that such a level could be 
expected to exist on the basis of the 1/v region of 
the He;(2,p)Hs cross section. One finds, in par- 
ticular, that the ratio (Z,/T), of the neutron reso- 
nance energy E, to the total width I of the excited 
He, level in question, might be included between, 
about 0.5 and 2.0. By guessing a value of I’, which 
could be done by analyzing similar situations in 
somewhat heavier nuclei, one is led to the con- 
clusion that the existence of a broad unstable level 
in Hey, above 20.5-Mev excitation energy, is in the 
realm of possibilities.* This interesting point of the 
presence or absence of such a level in He, around 
the above mentioned energy could only be settled 
by experiments with higher energy neutrons or 
other types of experiments where this level might 
manifest itself in some way. Such experiments 
might help in disclosing limitations of the 1/v be- 
havior of the He;(,p)H; cross section at higher 
neutron energies. 

We should like to thank finally, Messrs. E. S. 
Robinson, M. Goldblatt, and R. M. Potter, from 
the Chemistry Department for their cooperation in 
preparing the helium and boron samples used in 
this experiment. Our thanks are also due to Mr. 
F. L. Bentzen who helped materially in setting up 
the counting equipment and the taking of the data. 
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Radioactive Isotopes of the Rare Earths. 
I. Experimental Techniques and Thulium Isotopes 


GEOFFREY WILKINSON AND Harry G. HIcKs 
Radiation Laboratory and Department of Chemistry, University of California, Berkeley, California 
(Received January 19, 1949) 


The experimental techniques used in the chemical separation and identification of radioactive 
isotopes of the rare earth elements are described. The isotopes are produced by bombardment of rare 
earth oxides with a-particles, deuterons, and protons from the 60-inch Crocker Laboratory cyclotron, 
and also by bombardment of tantalum with 200 Mev deuterons from the 184-inch cyclotron. The 
production and properties of three new thulium isotopes are described. 





I. INTRODUCTION 


HE extreme difficulty in achieving separation 

of the rare earth elements in a very pure state 

has been overcome in recent years by two main 

advances in experimental techniques. These have 

meant that not only macro, but tracer, amounts of 

rare earths can be reliably separated from each 
other in a few hours. 

Methods of separation based on multiple oxida- 
tion states of the rare earth elements have been 
developed for europium, samarium, and other rare 
earths, particularly by McCoy! and Marsh,? using 
zinc and sodium amalgam reduction procedures, 
while the separation of rare earths by the use of 
columns of ion-exchange resins has been developed 
in the Manhattan Project, and has been described 
in a comprehensive series of papers.® 

These procedures have given a great impetus to 
research on rare earth isotopes formed in fission of 
uranium and also by neutron capture.‘ Little work, 
however, has been done on neutron deficient iso- 
topes formed by proton, deuteron, and a-particle 
bombardment of the rare earths. A systematic 
study has, therefore, been undertaken to remedy 
this deficiency in the knowledge of such isotopes, 
and further, to allow interpretation of the results 
of high energy particle bombardments of elements 


above the rare earths using the 184-inch cyclotron. . 


In a previous note,’ a list of new rare earth activities 
and their properties was given; the present paper 
describes the experimental procedures used, and the 
properties of the new thulium activities. 


1H. N. McCoy, J. Am. Chem. Soc. 57, 1756 (1935); 59, 
1131 (1937); 63, 3422 (1941). 
2J. K. Marsh, J. Chem. Soc. 398, 523 (1942). 


*E. R. Tompkins, J. X. Khym and W. E. Cohn, J. Am. 
Chem. Soc. 69, 2769 (1947); F. H. Spedding et al., J. Am. 
Chem. Soc. 69, 2777, 2786, 2812 (1947); E. R. Tompkins and 
S. W. Mayer, J. Am. Chem. Soc. 69, 2859, 2866 (1947). 

*E. R. Tompkins, J. X. Khym and W. E. Cohn, J. Am. 
Chem Soc. 69, 2769 (1947); J. A. Marinsky, L. E. Glendenin, 
and C. D. Coryell, J. Am. Chem. Soc. 69, 2781 (1947); D. H. 
Harris and E. R. Tompkins, J. Am. Chem. Soc. 69, 2792 
(1947); B. H. Ketelle and G. E. Boyd, J. Am. Chem. Soc. 69, 
2800 (1947); W. E. Cohn, G. W. Parker and E. R. Tompkins, 
Nucleonics 3, 22 (1948). 

5 G. Wilkinson and H. G. Hicks, Phys. Rev. 74, 1733 (1948). 


II. EXPERIMENTAL 
A. Bombardments 


Where comparatively large quantities of ma- 
terial were available, hundred milligram amounts of 
rare earth oxide were spread on a ridged copper 
target plate, which was then covered with 0.2 mil 
tantalum foil. In all other cases, ten to twenty 
milligram samples of the oxides were bombarded on 
interceptor targets placed in the beam of the 60-inch 
Crocker Laboratory cyclotron. The finely powdered 
oxide was spread evenly on a small platinum tray 
with a grooved inner surface, which was silver, 
soldered to a water-cooled copper holder. The oxide 
layer was wetted, and a few crops of dilute sodium 
silicate solution dropped on top of it. After evapo- 
ration and drying under an infra-red heat lamp, the 
oxide was very firmly bound in an even layer. 
Targets so prepared have withstood over a hundred 
microampere-hours of 20 Mev deuterons without 
loss. The targets were covered with 0.2 mil tantalum 
foil as additional protection. 

Bombardments of rare earth oxides have been 
made with 38 Mev a-particles, 19 Mev deuterons, 
and 10 Mev protons from the 60-inch Crocker 
Laboratory cyclotron; runs with low energy a-par- 
ticles were made by placing suitable thicknesses of 
tantalum foil over the interceptor target. Tantalum, 
as the metal foil, was bombarded with 200 Mev 
deuterons from the 184-inch cyclotron. 


B. Chemical Separations 


After bombardment, the rare earth oxide was 
dissolved in nitric acid, and insoluble matter 
removed by centrifugation. Carriers for contaminat- 
ing activities likely to be formed from the target 
materials—copper, tantalum, platinum, sodium 
silicate, etc.—-were added, and the rare earth 
fluoride precipitated from hot 2N nitric acid solution 
by addition of hydrofluoric acid. The washed 
fluoride was dissolved in a mixture of concentrated 
nitric acid and saturated borie acid; from this 
solution, the rare earth hydroxide was precipitated 
by addition of ammonium hydroxide. The washed 
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hydroxide was dissolved in nitric acid and a further 
fluoride precipitation made as before. Three or 
four such cycles were made, after which, the 
hydroxide was dissolved in a minimum of hydro- 
chloric acid and the solution accurately adjusted 
to a known volume. Aliquots of this solution were 
taken for direct measurement of radioactivities, for 
chemical separation of the individual rare earth 
elements, and for estimation of the chemical yield 
of the bombarded oxide. Rare earths were deter- 
mined for chemical yield measurement, by the pre- 
cipitation of oxalate, followed by ignition to the 
oxide, and weighing. 

The tantalum, after bombardment with 200 Mev 
deuterons, was dissolved in the minimum of nitric 
and hydrofluoric acids. To the boiling solution was 
added boric acid, to complex the fluoride, followed 
by cerium III solution as a carrier for the rare earth 
activities. After dilution, excess hydrofluoric acid 
was added to precipitate cerium III fluoride. The 
cerium was purified by hydroxide-fluoride cycles as 
above. To the final solution in strong nitric acid 
was added a small quantity of lanthanum (ca. 0.1 
mg), and the cerium oxidized to the IV oxidation 
state by addition of sodium bismuthate. The 
cerium was then removed by precipitation of 
cerium IV phosphate from 3N nitric acid solution. 
The lanthanum, with the rare earth activities, was 
recovered as the fluroide, which was then converted 
to the chloride for subsequent separations on the 
ion-exchange columns. 


C. Chemical Separation of the 
Rare Earth Elements 


Chemical separation of the individual rare earth 
elements was made by ion-exchange resin columns, 
or for europium; by an amalgam reduction method. 
The principle of column separation involves first 
the adsorption of the rare earth ions in dilute acid 
solution on a small quantity of ion-exchange resin. 
This resin is then placed at the top of a resin column, 
through which is then passed a solution of a com- 
plexing agent for the rare earths, e.g., ammonium 
citrate. The rare earths are eluted under strictly 
controlled conditions and pass through the column 
at various rates; lutecium is the first to appear in 
the eluate, followed in succession by ytterbium, 
thulium, erbium, etc. 

In preliminary experiments to determine the 
characteristics of column separations and optimum 
separation conditions for the rare earths, both 
inactive rare earths in milligram amounts, and Y” 
radioactive tracer were used. The former were 
determined spectroscopically* and the Y® deter- 
mined by its radioactivity. 

6 Spectroscopic analyses of the rare earths were made in this 


laboratory by Mr. J. Conway and Mr. M. Moore, to whom 
we are greatly indebted for their assistance. 





ISOTOPES OF THE RARE EARTHS 








TABLE I. Production and properties of thulium isotopes. 











Energy of radiation in Mev 
Isotope Decay Half-life Particles -Tays Produced by 


Tm KBpte~y 7.70.1 hrs. 2.1 (8*) L, K x-rays Ho-a-3n 
0.24, ~1 (e7) 1.7 Er-p-n 





Tm@ Key 9.6+0.1 days 0.21 (e7) L, K x-rays Ho-a-2n 
0.22,0.95 Er-p-n 
Ta-d-Sz, 16a 
Tm Ke-y 8542 days 0.16,0.5(e-) L,Kx-rays Ho-a-n 
(8?) 0.21,0.85 Er-p-n2 


Tm-n-2n 








1. Preparation of the Column.—All column sepa- 
rations were made using Dowex-50,’ an aromatic 
hydrocarbon polymer containing many nuclear 
sulfonic acid groups. The resin- used was the col- 
loidal agglomerates, Batch 19891M supplied as the 
sodium form. The ammonium form of the resin was 
prepared by stirring with saturated ammonium 
chloride solution; excess ammonium chloride was 
removed by washing with water. The resin was 
graded to have a settling time of less than ffve 
minutes for five centimeters in water at room tem- 
perature. The length of the preliminary resin column 
was 50 cm, with a diameter of 0.4 cm, but in sub- 
sequent runs, it was found that 20 cmX0.4 cm 
and 20 cmX1.0 cm columns gave adequate sepa- 
ration. 

2. Adsorption of Rare Earths on Resin.—The rare 
earth solution in hydrochloric acid was adjusted to 
give a pH between 0.5 and 1.5, the ionic strength 
being kept at a minimum; this solution was then 
agitated with about 0.2 ml of resin added in two or 
three successive portions. The solution and resin 
were agitated at about 70°C, but were not allowed 
to stand in contact for more than 15 minutes. This 
prevents diffusion of ions into the interior of the 
agglomerates, and subsequent slow elution with 
poor separations. 

3. Operation of the Column.—The resin, with the 
rare earth adsorbed on it, was transferred to the 
top of the resin column, and the eluting agent 
passed through. The eluting agent used was a 
0.25M solution of C.P. citric acid, accurately 
adjusted to pH 3.05 with ammonium hydroxide. 
Care was taken to approach this value from the acid 
side, so that readjustment with acid was not neces- 
sary, since it is important for good separations to 
keep the ionic strength at a minimum. The flow 
rate was approximately 0.03 milliliter per square 
centimeter column area per minute; with the 
columns used, of diameter 0.4 cm, and with a drop 
size of about 0.03 ml, this flow rate corresponded to 
one drop in 3.5—4 minutes. 

The eluate was collected in 10X75 mm rimless 
test tubes placed in a perforated turntable, which 
was rotated automatically at various time settings, 


7W. C. Bauman, Ind. Eng. Chem. 38, 46 (1946); W. C. 
Bauman and J. Eichhorn, J. . Chem. Soc. 69, 2830 (1947). 
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to place succeeding tubes under the column. 
Samples were normally collected for 15 minutes. In 
runs with active materials, aliquots were taken 
with micropipettes and evaporated on stainless 
steel disks for counting. Aliquots were also taken for 
spectroscopic analysis of macro amounts of rare 
earths present. The amount of rare earth, deter- 
mined either spectroscopically or by activity mea- 
surements, was then plotted against the sample 
number. This allows estimation of the degree of 
separation achieved. In all column runs, samples 
collected before the elution of one “free column 
volume” were disregarded. After completion of a 
column run, any residual activity or rare earth was 
stripped from the tolumn with 0.25M ammonium 
citrate of pH 7 as eluting agent. After thoroughly 
washing with water, the column was again ready 
for use. 

After separation on the column, the rare earths 
were recovered by evaporation of the citrate solu- 
tidn with nitric and perchloric acids with subse- 
quent ignition. The rare earth residue was then 
extracted with nitric acid and the hydroxide pre- 
cipitated with ammonium hydroxide. If the solution 
contained only tracer amounts, a small amount of 
lanthanum was added as a carrier. 


MICROGRAMS RARE EARTH / 100 ELUATE 
3 
bi 
COUNTS/ MINUTE ¥ 


on 
“0 60 80 100 120 140 


SAMPLE NUMBER 


Fic. 1. Standard rare earth elution. 500.4 cm Dowex-50 
column. Flow rate 0.08 ml/cm?/min. Sampling time 15 
minutes; eluate volume in milliliters is 0.282 Xsample number. 
Y" was measured by its radioactivity, other rare earths 
spectroscopically. Terbium is estimated since the cyanogen 
bands obscure the terbium lines. Eluting agent is citric acid 
adjusted to pH 3.05 with ammonium hydroxide. 
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In addition to strict control of the conditions 
mentioned above, it is also important for successful 
separations, that the capacity of the resin for ad- 
sorption of rare earth ions is not exceeded. For the 
columns described, the maximum capacity corre- 
sponds to approximately 10 mg and 100 mg of rare 
earth oxide, respectively. Where the starting ma- 
terials contained significant amounts of other rare 
earth impurities, and purification was necessary 
before bombardment, a larger column, which had a 
capacity for about 1 g rare earth oxide was used. 
The area of the column and the drop rate were 
scaled up from the values used in the 0.4 cm and 
1.0 cm diameter column runs, the amount of citrate 
flowing through unit cross-sectional area of resin 
being kept constant. The progress of any particular 
inactive rare earth through the column could be 
checked by using radioactive tracer for a neigh- 
boring heavier rare earth. After elution of the active 
tracer, the sample numbers of the desired inactive 
rare earth were estimated by comparison with the 
standard elution curve (Fig. 1). Aliquots of the 
samples were then examined spectrogcopically to 
allow the pure rare earth fractions to be isolated. 

4. Results in Column Separations.—In Fig. 1 is 
shown the “standard elution curve’ obtained with 
inactive materials and Y®* tracer. It should be 
noted that while the lutecium and ytterbium are 
very close together, samples from the peaks of 
these curves have no detectable lines of each other 
or of other rare earths in their spectra. Thus samples 
of these neighboring elements can be obtained in 
which the separation factor is at least a thousand. 

A typical column run on a bombarded sample is 
shown in Fig. 2, where the broken line shows the 
distribution of radioactivity produced by 38 Mev 
alpha-particle bombardment of holmium oxide. The 
solid lines show the distribution ‘of inactive carriers 
of lutecium, ytterbium, erbium, and dysprosium, 
added as references, and determined spectro- 
graphically. 

A further example of a column separation is 
shown in Fig. 3, where the rare earths are present in 
tracer quantities only. In such cases, separation is 
generally cleaner and there is less ‘‘tailing’’ of the 
peaks, than where macro amounts of rare earths 
are separated. The activities shown in Fig. 3 were 
spallation products, obtained by the bombardment 
of tantalum with 200 Mev deuterons from the 
184-inch cyclotron. Lanthanum was used as a 
carrier for the radioisotopes. A study of the radia- 
tion characteristics and decays of the peak samples 
has shown no evidence of contamination. 


D. Separation of Europium 


Europium has been purified prior to, and re- 
covered after bombardment by a modification of 
McCoy’s method.! The europium in 6N hydro- 














































chloric acid solution was reduced to the divalent 
state by boiling with zinc amalgam. Rare earths 
other than europium were precipitated by car- 
bonate-free ammonia using cerium as a carrier. 
After centrifuging, the supernatant solution was 
withdrawn, the europium oxidized by ozone, and 
then precipitated by dmmonia. The procedure was 
repeated with both fractions to ensure complete 
separation. 


E. Radioactive Measurements 


Measurements were made with ‘‘end-on” type 
Geiger-Miiller counters which had 3 mg/cm? mica 
windows, and were filled with 10 cm argon and 0.5 





T r La ad 





ELEMENT 
Lu 
Yo 
Tm 
er 
Ho 67 
oy 

















: 
, 1.0 Jt 3 

















ak 
90 


SAMPLE NUMBER 


‘Fic. 2. Column separation of thulium activities from Ho+a 


bombardment. 


cm alcohol; variations in counter efficiency were 
corrected for by use of a UX, reference. A ‘‘mag- 
netic counter’’ was also used, which enabled recog- 
nition of positive and negative electrons and 
provided a check on data obtained from absorption 
measurements. 

Radiation characteristics of active isotopes were 
determined by beryllium, aluminum, and lead ab- 
sorption measurements. Electron and soft electro- 
magnetic radiations were resolved by the technique 
of differential absorption in aluminum and beryl- 
lium.® The ranges of electrons reported have been 


taken as the total absorber thickness required for 


§ G. Wilkinson, Phys. Rev. 75, 1019 (1949). 
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Fic. 3. Column separation of spallation products from 200 Mev 
deuteron bombardment of tantalum. 


removal, i.e., added.absorbers plus counter window, 
air gap, etc. Energies of electrons obtained by 
aluminum absorption measurements and by the 
magnetic counter, have been checked using the 6- 
radiation of P® and the conversion electron of Tc*® 
as references. 

In y-ray absorptions, lead screens up to 45 
g/cm? were used, with a beryllium absorber, suf- 
ficient to remove all secondary electrons, placed 
directly below the counter window. Measurements 
were taken. on a counter tube without the usual 
lead housing, as scattering in the latter has been 
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Fic. 4. Magnetic counter distribution of positrons (A) and 


electrons (B) of 7.7-hour Tm!* from Ho-+a-bombardment. 
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Fic. 5. Decay of 7.7-hour Tm!*, 9,6-day Tm!*? background 
(A) and 7.7-hour Tm'** gross decay from Ho-+a. (B) 7.7- 
hour Tm! positron decay (C) from Er+p measured on mag- 
netic counter. 


found to give high values for the absorption half- 
thickness of hard y-radiation. 

Samples for counting were mounted on glass 
microscope cover slides. Where minimum back- 
scattering was required, as in measurements of 
ratios of electrons and electromagnetic radiation, 
samples were mounted on very thin mica. 

For quantitative measurements, the counter 
geometries were calibrated by use of a weighed 
uranium (UX_2) standard. 

The ratios of the various electron and electro- 
magnetic radiations of the isotopes studied have 
been calculated in order to allow an estimate of the 
disintegration schemes, with the object of calcu- 
lating yields of the isotopes in various reactions. 
Counting efficiencies of L x-radiation in the 
counters used were calculated from the absorption 
in the gas; for y-radiation from 20 kev to 0.4 Mev 
a counting efficiency of 0.5 percent was assumed, 
and 1 percent per Mev thereafter. Corrections were 
also made for loss of x-rays-by the Auger effect. 
In the region studied, fluorescence yields of 0.8 and 
0.5 were assumed for K and L x-radiations, respec- 
tively. It is, of course, realized that such ratios, and 
absolute cross sections, may be in considerable 
error due to the uncertainties involved. The relative 
cross sections of the same isotope formed in various 


reactions are of more value. Beam intensities were 
taken from the cyclotron instruments. 


Ill. THULIUM ISOTOPES 


In the bombardment of holmium, which has a 
single isotope Ho'®, with 38 Mev, 30 Mev, and 20 
Mev alpha-particles, three radioactive thulium 
isotopes were produced (see Table 1). These were 
allocated to masses 166, 167, and 168 on the basis 
of the yields at various energies of the bombarding 
alpha-particles. The isotopes have been also pro- 
duced and the mass assignments checked by proton 
bombardments of erbium. The chemical identity of 
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Fic. 6. Aluminium absorption of 7.7-hour Tm'** from 
Ho+e. K x-ray and y-ray background (A), positrons and 
hard electrons (B), and soft electrons (C). 


the isotopes was established by column separations 
(see Fig. 2). 

The holmium oxide used for bombardment was 
prepared by Dr. J. K. Marsh, Oxford University, 
England, and was supplied by Johnson, Matthey 
Company, London, as ‘‘Specpure’’ brand, labora- 
tory number 1031. Analysis showed this oxide tof 
contain about 15 percent-dysprosium oxide and 
about 5 percent yttrium oxide. 

The erbium used was Johnson, Matthey and 
Hilger, ‘‘H.S.”’ brand, laboratory number 1755, pre- 
pared by Dr. J. K. Marsh. Spectrographic analysis 
gave ~0.2 percent yttrium and ytterbium im- 
purities. 
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Initially the impure oxides were bombarded and 
the rare earths separated by the column method; in 
subsequent bombardments the recovered pure rare 
earths were used. 


A. 7.7-hour Tm!* 


The radiations of this isotope consist of positrons, 
several energies of negative electrons, K x-radia- 
tion, and very hard y-radiation, all of which decay 
with the same half-life, the best value for which is 
7.740.1 hours. The gross decay of the isotope 
produced by 38 Mev alpha-particles on holmium 
was followed through eight half-lives. 

Examination of the isotope on the magnetic 
counter showed unequivocally that positrons were 
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Fic. 7, Lead absorption of 7.7-hour Tm!* from Ho+a. Hard 
y-radiation (A) and K x-rays (B). 





present. Figure 4, curve A shows the measured 
distribution, with end point corresponding to 2.1 
Mev maximum energy and with a mean energy of 
0.6 Mev. The decay of the positrons (Fig. 5, curve 
C) was followed on the magnetic counter through 
six half-lives in both Ho+a and Er+p bombard- 
ments. 

On the “negative sweep” of the magnetic counter, 
two groups of negative electrons were observed 
(Fig. 4, curve B) both of which decayed with the 
same half-life. While the lower energy peak prob- 
ably represents a single conversion electron, the 
second group of harder electrons has a much broader 


distribution of energies, and may be a mixture of 
several conversion electrons which the simple in- 
strument used is incapable of resolving. The 
maximum energy of this group corresponds to 1 
Mev while the average is at ~0.5 Mev. 

The aluminum absorption of an infinitely thin 
sample is shown in Fig. 6. The electromagnetic 
background was determined after removal of all 
electrons by a 1400 mg/cm? beryllium absorber. No 
L x-radiation was observed here, although a direct 
beryllium absorption of the 7.7-hour activity 
suggests this to be present. The absorption curves 
show electrons of ranges 70 mg/cm? and ~960 
mg/cm? aluminum, corresponding respectively to 
0.24 and 2 Mev; the harder radiation is a complex 
mixture of positive and negative electrons. Lead 
absorption of the electromagnetic radiations (Fig. 
7), shows two components of half-thicknesses 80 
mg/cm? and 14.3+0.2 g/cm*. The energy of the 
former, 50 kev, agrees well’ with the value for 
erbium K x-radiation. 

An approximate ratio of positive to negative 
electrons was obtained by measuring the area under 
the curves (Fig. 4) from the magnetic counter. The 
ratio of both the soft and hard groups of electrons to 
the gross electromagnetic radiation was obtained 
from aluminum absorption measurements, the 
usual corrections being made for absorption of 
electrons is the counter window, etc. From the 
various measurements, the following ratios, neces- 
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Fic. 8. Decay of 85-day Tm"** (A) and 9.6-day Tm!* (B) 
from Ho+e. 
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sarily approximate in view of the several corrections 
and uncertainties involved, were obtained. 


€::€2:8+:K x-rays: y =0.05:0.003:0.004:1:0.3, 


where e; and é2 are respectively the soft and hard 
electron intensities. The very complex radiations 
can be attributed to orbital electron capture in 
thulium, leading to excited or metatstable levels of 
the daughter nucleus. Electrons arise from con- 
verted y-ray transitions between the various levels 
or between these and the ground state. Positron 
emission may go to an excited level of the daughter 
nucleus or to the ground state. Since the ratio of 
electrons to K x-radiation is only ~0.05, approxi- 
mately 95 percent of the K x-rays measured must 
arise from orbital electron capture, and it is assumed 
that 0.95 K quanta represent one disintegration. 
Thus, the branching ratio for disintegration by 
positron emission is around 0.5 percent. 

It should be noted that the wide distribution of 
hard negative electrons observed (Fig. 4, curve B) 
could be due to a continuous #--spectrum of 
maximum energy about 1 Mev arising from 
B--branching in Tm?®*, since it is very possible that 
Yb'** is an unreported stable isotope of low 
abundance. The postulation of stable ytterbium 
isotope at mass 166 involves no great heresy, since 
an isotope in such a position would, according to 
well-known empirical rules of the stability of iso- 
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Fic. 9. Aluminum absorption of 9.6-day Tm!* from Ho+a. 
K x-ray and y-ray background (A). electrons (B) and L 
x-rays (C). 
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topes, be either long lived or stable, and since stable 
isotopes of erbium, Er!®,® and dysprosium, Dy'*®,! 
which are in analogous positions, are known. A 
similar situation has arisen with the 16 day Ta!78,5 
which has been found to decay almost completely 
by 6--emission, thus implying the existence of an 
unreported stable isotope of tungsten at mass 178. 

If the hard negative electrons of Tm’ are, then, 
a #--particle spectrum, 
8--emission is approximately 0.4 percent of that by 
orbital electron capture. The branching by B-- and 
B+-emission is thus almost the same. 

The cross sections for formation of the 7.7-hour 
isotope were calculated from the intensity of K 
x-radiation, with the above assumptions for count- 
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Fic. 10. Lead absorption of 9.6-day Tm!* from Ho-+a. 0.95 
Mev y-ray (A), 0.22 Mev y-ray (B) and K x-rays (C). 


ing efficiencies and quanta per disintegration. The 
K x-radiation was measured for weighed samples of 
unseparated bombarded pure holmium, since no 
activities other than those of the thulium isotopes 
were observed. It is possible, however, to determine 
the specific activity by integrating the counts of the 
thulium peak in the column separation of a known 
quantity of bombarded holmium. This method is of 
general application for calculation of cross sections 
where activities of two or more elements are present, 
e.g., in the rare earth fraction of spallation products 

®W. Wahl, Finska Kemistsamfundets Medd. 50, 10 (1941). 


1D. C. Hess, Jr., M. G. Inghram, Phys. Rev. 74, 1724 
(1948). 
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from tantalum with high energy particles, or in 
deuteron bombardments of rare earths. 


B. 9.6-day Tm! 


After decay of the 7.7-hour isotope from both 
Ho+aand Er+ bombardments, a residual activity 
consisting of 9.6-day and long-lived components 
was observed in the thulium fraction (see Fig. 8). 
The half-life of the shorter-lived isotope obtained 
from Ho+a bombardments is 9.6+0.1 days; the 
gross decay was followed through ten, and y-radia- 
tion, through nine half-lives. The samples were 
studied on the magnetic counter, no positrons being 








% TRANSMISSION 














ob ee oe 


60 
mg/em® ALUMINUM ABSORBER 


Fic. 11. Aluminum absorption of 85-day Tm! from Ho+a. 
K x-ray and y-ray background (A), hard electrons (B), soft 
electrons (C) and Z x-rays (D). 


observed. The aluminum absorption curve of an 
infinitely thin, column separated sample of the 
9.6-day activity from Ho+a bombardment is 
shown in Fig. 9. The electrons have a range of 
52+2 mg/cm? aluminum, corresponding to 0.21 
Mev energy. The electromagnetic radiation con- 
sists of four components of half-thicknesses 7.5 
mg/cm? aluminum, 80 mg/cm? lead, 770+20 
mg/cm? lead and 9.6 g/cm? lead, corresponding, 
respectively, to energies of 6 kev, 50 kev, 220 kev 
and 0.95 Mev. The two soft radiations agree well 
with the energies of erbium Z and K x-radiations. 
The lead absorption curve is shown in Fig. 10. 
From absorption measurements, making cor- 
rections for absorption of electrons in counter 
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Fic. 12. Lead absorption of 85-day Tm"®* from Ho-+a. 0.85 
Mev y-ray (A), 0.21 Mev y-ray (B) and K x-rays (C). 


window, etc., for counting efficiencies of electro- 
magnetic radiation and for loss of x-rays by Auger 
effect, the following ratios were obtained : 


electrons: L x-rays: K x-rays:220 kev 7:0.95 Mev y 
=0.3:0.2:1:0.1:0.01. 


Assuming that K x-radiation arises from produc- 
tion of the conversion electrons, then 0.7 K x-ray 
quanta probably represent one disintegration by 
orbital electron capture. This figure has been 
assumed in the calculation of cross sections for 
production of the isotope. 

The isotope has also been produced by the bom- 
bardment of tantalum with 200 Mev deuterons 
from the 184-inch cyclotron. The measured radia- 
tion characteristics were identical with those de- 
scribed above. The reaction producing the isotope 
is designated Ta-d-5z16a. 


C. 85-day Tm'* 


After decay of the 9.6-day isotope, a small 
residual activity of long-life was found in the 
column separated thulium fractions from the Ho+e 
bombardments at 38 Mev. A more active sample 
was obtained from a 54 microampere-hour bom- 
bardment of 80 mg of pure holmium oxide with 19 
Mev alpha-particles. The decay of electron and 
electromagnetic radiations of the isotope have been 
followed through three half-lives to give a value of 
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TABLE II. Cross sections in barns for alpha-particle reactions 
with holmium. 








Energy of a-particles 
in Mev Probable Probable 
Activity 38 30 reaction isotope 


7.7 hours if - $00— Ho-a-3n Tm'% 
9.6 days 7X10-3 0.1 Ho-a-2n Tm!* 
85 days in =~ «63x10° : Ho-a-n Tm!168 











85+2 days. The aluminum absorption curve (Fig. 
11) shows electrons of ranges 29 mg/cm? (0.16 Mev) 
and 150 mg/cm? (0.5 Mev). The soft electromag- 
netic radiation corresponding to L x-ray energies 
was determined after removal of electrons by 
beryllium. The lead absorption (Fig. 12) of hard 
radiation shows components of half-thicknesses 
77+3 mg/cm? (49 kev), ~740 mg/cm? (0.21 Mev) 
and 8.8 g/cm? (0.85 Mev). The first of these cor- 
responds well with the value for erbium K x-radi- 
ation. The ratios obtained for the radiations after 
the various corrections for counting efficiency, etc. 
had been made were: 


0.16 Mev e—:0.5 Mev e~:L x-rays: K x-rays: 
0.21 Mev y-ray:0.85 Mev y-ray 
=0.15:0.02:0.2:1:0.2:0.8. 


The energy of the soft electrons agrees well with 
that to be expected for K shell conversion of the 
0.21 Mev y-ray. The conversion coefficient is.~0.8. 
Assuming that K x-rays arise from conversion, then 
~0.75 of the observed K-radiation may be con- 
sidered to represent one disintegration by orbital 
electron capture. The cross sections for production 
of the isotope have been calculated accordingly. 
Since the 85-day activity is allocated to Tm!®, the 
possibility of 8- branching exists, and the 0.5 Mev 
electrons observed may be 8 radiation. With the 
previous assumptions regarding K x-rays, about 2 
percent of the disintegrations would, then, proceed 
by 8- emission. 

The 85-day isotope has been also observed in 
bombardments of erbium with 10 Mev protons and 
thulium with fast neutrons. In both cases, the 
127-day Tm’” is also formed. The latter is reported 
to have no y-radiation, and the x- and y-radiation 
observed in the thulium fraction decays with a 


half-life of 85 days. The allocation to mass 168 on 
the basis of reaction yields is thus confirmed. 


D. Discussion 


In Table II are given the cross sections for pro- 
duction of the three thulium isotopes by alpha- 
particle bombardment of holmium at various 
energies. The absolute values of the cross sections 
may be in considerable error in view of the several 
assumptions which had to be made. The relative 
yields of the isotopes at various energies are sig- 
nificant, however, and allow allocation of the 7.7- 
hour, 9.6-day, and 85-day activities to masses 166, 
167, and 168, respectively, on the basis of a,3n, 
a,2n, and a,n reactions. 

The allocation of the 7.7-hour positron-emitting 
isotope to Tm? is in agreement with observations 
that for elements of odd atomic number, only iso- 
topes of even mass number are positron active, 
and then only when the ratio of neutrons to protons 
is equal to or less than 1.43. ; 

The yields of the three isotopes in Er+p bom- 
bardments are in agreement with the above alloca- 
tions. Correcting the observed yields for isotopic 
abundances of the erbium isotopes, the isotopic 
cross sections for all three cases, assuming p,n 
reaction, are close to 2X10 barn. This agrees 
with the value for the Lu-p-n reaction previously 
reported." 

No evidence of thulium activities with half-lives 
shorter than those Tteported was seen in Ho+a, 
Er+p, and Tm+z bombardments; an upper limit 
for the half-life of any shorter-lived isotope, from 
measurements on non-column-separated materials, 
is about 15 minutes. 
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Nuclear stability considerations are applied to the neutron capture theory of the formation of the 
chemical elements. It is shown that the matter density during the time of formation must have 
remained within the limits 10-' g/cm* and 10-™" g/cm’. The nuclei were probably formed with some 
neutron excess so that both neutron capture and §-decay were effective in determining relative 
abundances. The chain of formation followed a path such that the 6-decay and capture probabilities 
were approximately equal. The abundance of nuclei of even atomic weight over those of odd atomic 
weight can be explained from the general features of the nuclear energy surface, regardless of the 


neutron excess at the instant of formation. 








I. INTRODUCTION 


NEUTRON capture theory of the formation 
of the chemical elements has recently been 
proposed by Gamow and Alpher.'~* It is assumed 
that the elements are formed and their relative 
abundances determined in a pre-stellar stage of the 
universe. During the first stages of universal ex- 
pansion, the primordial matter was a gas of neu- 
trons at high density and temperature. As the 
expansion continued, protons were formed by 
B-decay of neutrons.and the temperature became 
low enough to make capture of free neutrons by the 
protons a relatively probable event. Heavier nuclei 
were then built up by successive neutron captures. 
The formation process ceased when the neutron 
density became very small because of expansion 
and B-decay. According to this theory, the maximum 
period of time allowed for the formation process 
was only a few hours, due to the radioactive decay 
of the neutrons. The significant feature of the 
relative abundance data is the isobaric abundances 
and not the isotopic abundances, as in the thermal 
equilibrium theories. 
The differential equations describing the forma- 
tion process may be written 
dN 4/dt=s-1Na-1—daNa, A=1,2,3:-- (1) 
if one neglects the effects of universal expansion in 
reducing the density of matter. Here Nu is the 
number of nuclei per unit volume of atomic weight 
A, and X, is the probability per second of a nucleus 
of mass A capturing a neutron. It is implicitly 
assumed that neutron captures occur at a much 
higher rate than other transmutation reactions. 


‘* This paper is based in part on a thesis submitted in 
partial fulfillment of the requirements for the degree of 
Doctor of Philosophy, at the University of Minnesota, 
August, 1948. 

** Now at Naval Ordnance Laboratory, White Oak, Silver 
Spring 19, Maryland. : 

1G. Gamow, Phys. Rev. 70, 572 (1946). 

(1948) Alpher, H. Bethe, and G. Gamow, Phys. Rev. 73, 803 

*R. Alpher, Phys. Rev. 74, 1577 (1948). 
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Alpher and Herman‘ have computed relative 
abundances by this theory, neglecting the effects 
of universal expansion but considering the variation 
of the Au’s with time because of neutron decay. 
They find that in order to obtain the best fit to the 
relative abundance curve, an initial density of 
p=5X10~ g/cm* must be assumed. In their 
treatment it is not necessary to specify the tem- 
perature during the formation process, but it seems 
clear that the temperature could not be much 
higher than that corresponding to a kinetic energy 
of 1 Mev since the capture probabilities would be 
quite low, and there would be enough high energy 
neutrons to dissociate a large fraction of the nuclei 
that were formed. Alpher* has pointed out, that, if 
the average energy were lower than 10° ev, reso- 
nance capture would predominate and the results 
would be reflected in the abundance data, e.g., the 
nuclei with high resonance capture cross sections 
would be very scarce. Since no such variations are 
noticed, it is assumed that the formation process 
occurred at a temperature of about 0.1 Mev. It 
should also be pointed out, however, that this argu- 
ment considers only the known cross sections for 
stable elements. Actually, the elements were prob- 
ably formed with some neutron excess, and later 
B-decayed down to their present stable state. Then 
some of these unstable nuclei may have had reso- 
nance capture cross sections which would be 
responsible for the present distribution. 

The above theory has had considerable success in 
explaining the general shape of the abundance 
curve* 4 and some of the fine structure features such 
as the scarcity of Li, Be, and B,° and the existence 
of isobars.* The purpose of this paper is to discuss 
several points which have not been covered in 
previous work, in particular, the effect of 6-decay 
of the newly formed nuclear species in controlling 
the formation process. 


4R. Alpher and R. Herman, Phys. Rev. 74, 1737 (1948). 

5R. Alpher, R. Herman, and G. Gamow, Phys. Rev. 74, 
1198 (1948). 

6 J. S. Smart, Phys. Rev. 74, 1882 (1948). 
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Fic. 1. Maximum isotopic spin as a function of A. The 
circled points were computed using Barkas’ atomic mass 
formula. (Walter H. Barkas, Phys. Rev. 55, 691 (1939).) 


II. THE EFFECTS OF THE NEUTRON DENSITY 
ON THE FORMATION PROCESS 


The previous papers have assumed, either ex- 
plicitly or implicitly, that the mean time between 


neutron captures is large enough for the nuclei to 


have time to adjust their charges by B-decay. 
Actually, this assumption corresponds to one of 
three possible sets of physical conditions under 
which formation may have occurred, and there is 
no a priori reason for choosing one over the others. 
We list them here. 

A. Low Density.—lf the density is very low, the 
captures will come very slowly, there will be suf- 
ficient time for B-decays between captures, and the 
only nuclei formed will be stable ones and those 
with an excess of one neutron. It seems unlikely 
that this extreme condition was realized since some 
of the 8-emitters just above the floor of the Heisen- 
berg valley, such as P*® and Sc**, have lifetimes of 
many days. 

B. High Density.—lf the density is sufficiently 
high, there will be a rapid succession of captures and 
the nucleus will not have time to adjust its charge 
by 8-decay. The process will be brought to a tem- 
porary halt when so many neutrons have been 
added that the next one would not be bound. Then 
it would be necessary to wait until a B-decay 
occurred. After this another neutron or two could 
be captured until the limit of neutron stability was 
again reached. In this case the B-decay probability 
and not the capture probability would control the 
rate of formation. The set of differential equations 
describing the formation would still be those of 
Eq. (1) but Ax is now related to the mean £-lifetime 
of the nucleus of mass A which has the highest 
neutron-proton ratio it can sustain without emit- 
ting a neutron. 

C. Intermediate Density.—lIf the density is some- 
where between the two extreme cases, then the 
nuclei when formed will lie along the slope of the 
Heisenberg valley, between the floor of the valley 
and the region of neutron instability. Then both 
capture times and 6-decay times will be important 
in controlling the rate of formation. We shall show 
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later that the process must follow a path such that 
\(6-decay)=A(capture) and that the particular 
path will be determined by the existing physical 
conditions. 


Ill. THE FORMATION PROCESS AT HIGH 
DENSITIES 


It is of interest to investigate the possibility that 
the formation process took place at high densities. 
The first step is to determine the highest neutron- 
proton ratio that a nucleus of mass A can sustain 
without emitting a neutron since it is the 6-transi- 
tion probabilities of these nuclei which control the 
formation process at high densities. The model of 
the nucleus which we have used is based on Wigner’s 
theory of the symmetric Hamiltonian.’ Wigner 
assumes that the binding energy of a nucleus can be 
written as a sum of three terms, 


B=K+C+P, (2) 


where K is the total kinetic energy of the particles 
in the nucleus, C the potential energy due to the 
repulsions of the protons, and P the potential 
energy due to specifically nuclear forces. If the 
energies are given in muy, 


K =14.6A+(32.5/A)(P2+P:+P), 
C=0.635(Z(Z—1)/A}), (3) 
P=—}A(A—1)L'—EZL. 


A is the number of particles in the nucleus; P,, 
P2, and P; are the partition quantum numbers for 
the nucleus; Z and L’ are combinations of exchange 
and direct interactions due to Majorana and 
ordinary forces. = is the difference between the 
number of symmetric and number of antisym- 
metric couplings in the nucleus. L’ and LZ are 
expected to be inversely proportional to A, but 
their numerical values must be determined em- 
pirically. For A >50, we have® 


L' = (96/A) [1 — (1.28/44) ], (4) 
L=(152/A)[1—(2.4/A4)]. 


Since the nuclei in which we are interested have 
a large neutron excess, T7T;=}(A—2Z) will in 
general be much larger than the other quantum 
numbers. Accordingly we shall make the simplifying 
assumption that each nucleus belongs to the 
(T;,0,0) multiplet, i.e., Pi = T;, P2 = P3=0.*** Then 
any nuclear species can be completely described by 
any two of the three quantities, A, Z, and T. (The 
subscript ¢ has been dropped for convenience.) 

The condition that the next neutron added to the 


TE. P. Wigner, Nuclear Physics (University of Pennsylvania 
Press, Philadelphia, 1940). 

8G. Gamow and C. L. Critchfield, Theory of the Atomic 
Nucleus and Nuclear Energy Sources (Clarendon Press, Oxford 
(in print)). 
e me Actually, this multiplet is possible only for nuclei with 
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nucleus not be bound is 
B(A, Z)—B(A+1, Z) =0, (5a) 


or if we consider A and Z as continuous variables, 
this condition may be written as 


(0B/dA)z=0. (Sb) 


By combining Eqs. (2)-(5) we get a relation 
between the maximum T and A. The equation has 
been solved numerically for various values of A. 
Surprisingly enough, the acceptable solution gives 
a near linear relation between Ty and A, as is 
shown in Fig. 1. The relation can be expressed quite 
accurately by the empirical formula 


Tu =0.183A +1.6. (6) 


A convenient approximation to the above formula 
is that nuclei which are about 70 percent neutrons 
are just at the limit of neutron stability. 

The next step is to determine the total energy 
available for B-decay. This is 


where AB is the difference in binding energy of the 
initial and final nuclei, AM is the neutron-proton 
mass difference, and mp is the electron rest mass. In 
this instance, 


AB=B(A, Z)—B(A, Z+1) 
=B(A,Tu)—B(A,Tu—1), (8) 


so that Wp») can be computed for any A by com- 
bining Eqs. (2), (3), (4), and (6). 

For Wo/moc?>1, the decay constant for a 
nucleus of mass A and charge Z is given by 


ha =Ly(Z, Wo)/70]| M|?(Wo°/30), (9) 


where W, is given in units of moc*, M is the matrix 
element for the transition, y(Z, Wo) is a function 
showing the effect of the Coulomb field on the elec- 
tron emission, and 79 is a constant, approximately 
equal to 8800 seconds. This expression must be 
summed over all excited levels of the daughter 
nucleus to obtain the total decay constant. As the 
parent and daughter nucleus belong to different 
multiplets, these transitions are all unfavored on 
the basis of Wigner’s theory. However, for A >40, 
any given state of a nucleus is a mixture of several 
multiplet states because of the Coulomb perturba- 
tions; this means there is no longer any clear-cut 
distinction between favored and unfavored transi- 
tions. We shall assume that there is always one 
final state with an M much larger than the others, 
so that we need consider only this possibility if 
the corresponding energy release is large enough. 
We shall also assume that the shape of the nuclear 
wave function is mainly determined by the kinetic 
energy of the particles so that the most probable 
transition is the one in which there is no change in 
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kinetic energy.® Then, instead of Eq. (7), an alter- 
native formula may be used to compute the actual 
8-disintegration energy. 


=AC+AP+AM. 


For transitions between the ground states of 
parent and daughter nuclei, the spin— isotopic spin 
part of the matrix element is 27y for Fermi selec- 
tion rules and 67y for Gamow-Teller selection 
rules. For transitions to excited states, the matrix 
element is somewhat less but still proportional to 
Ty. We shall assume 2Ty as a reasonable value. 
The orbital part of the matrix element for un- 
favored but allowed transitions has been estimated 
to be about 1/25.® Using these results, we obtain 
as a final expression for the disintegration proba- 
bility of the Ty nuclei 


Na(Tu) = (v7 uWo5/37570), Wa/moc?>1. (11) 


The results are tabulated in Table I. The values 
for y were obtained from the charts in Konopinski’s 
article on B-decay.” 

We see that the mean £-lifetime for the neutron 

saturated nuclei is about 0.1 second and is prac- 
tically independent of A. 
’ In order to find the nuclear abundance trend that 
such a \-behavior predicts, it is necessary to 
examine the solutions of the differential Eqs. (1). 
These equations are well known as those governing 
a family of radioactive substances. Bateman" has 
investigated their solutions for \ independent of ¢ 
and for various boundary conditions. The feature 
of the solutions of most importance to us is that for 
large t, Na~1/da (corresponding to radioactive 
equilibrium). 

One would like to assume that the formation 
process was carried out to equilibrium because then 
the critical dependence on time could be eliminated. 
But we have seen that at high densities the \4’s 
are practically constant for A >50. An equilibrium 
solution would not show the hundred-fold decrease 
in abundance between mass 50 and mass 100. On 
the other hand, if the process were cut off before 
equilibrium was attained, the heavy elements would 
show a rapid decrease in abundance with A. It 
seems therefore that a neutron capture process at 
high density with §-decay controlling the rate of 
formation is incapable of explaining even the pri- 
mary features of the abundance curve. The poor 
results for A >50 make it unnecessary to compute 
decay constants for A <50. 

: The transition from high to intermediate density 
occurs when the density is such that the capture 


(10) 


* This hypothesis has been checked for some §-emitters, 
such as N'* and O”, where the total eed —— energies 
are known. The agreement is reasonably 

10 FE, J. Konopinski, Rev. Mod. Phys is, — (1943). 

ion 15, 423 (1910). 


11H. Bateman, Proc. Camb. Phil. 
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TABLE I. Aa for (A, Ty) nuclei. © 








A Tm da (sec.~) 
50 10.8 
64 13 

100 20 

125 24.5 

180 34.5 


W g(moc*) 


17.3 
16.5 
16.3 
14.7 
11.6 


We’ 


15.5 10 ‘ 6.9 
12.2 10 . 
11.5X 10° ; 13. 
6.9 X 105 ‘ 11. 
2.1 108 ‘ ‘ 











probabilities near neutron saturation are equal to 
the B-decay probabilities. For lower densities, the 
B-decays will occur before the limit of neutron 
stability is reached. To fix the lower limit of the 
high density case, we note that the capture prob- 
ability for 0.1 Mev neutrons may be written 


A-(A) =nosv=3 X 108 pa, (12) 


if o4, the neutron capture cross section for the 
nucleus of mass A, is given in barns and p is the 
density in grams per cubic centimeter. Hughes’ 
experimental data’ for 1-Mev neutrons indicate 
that the capture cross sections of a stable nucleus is 
about 10~ barns for A~™15, rises exponentially to 
0.1 barn at A~100, and remains roughly constant 
thereafter. The cross sections for the nuclei near 
neutron saturation are considerably less; we shall 


assume that they are reduced by a factor of about’ 


1000 from an argument to be given in the next 
section. Assuming that the ov product is a slowly 
varying function of energy near 1 Mev, we find 
p=10-! g/cm the lower limit to the high density 
conditions. For densities equal to or greater than 
this, all of the nuclei would have been formed with 
B-decay as the rate controlling agent. Since we have 
seen that the high density case does not explain the 
shape of the abundance curve, we assume that most 
of the formation process must have been carried 
out at a density less than 0.1 g/cm*.. 


IV. THE FORMATION PROCESS AT INTER- 
MEDIATE DENSITIES 


A study of the problem of element formation at 
intermediate densities must necessarily be more 
detailed than a discussion of the high density 
conditions. In particular, one must consider both 
B-decay probabilities and capture probabilities for 
each individual nuclear species. Since both of these 
quantities depend upon energy differences between 
neighboring nuclei, a detailed knowledge of the 
features of the nuclear energy surface is required. 
We have already seen that the B-decay probability 
varies with the fifth power of the transition energy. 
The capture probability depends in turn upon the 
excitation energy of the compound nucleus formed 
when the neutron is captured; the nature of the 
dependence is not known exactly. However, we have 


E =FE,+ Ba, (13) 
2D. J. Hughes, Phys. Rev. 70, 106A (1946). 
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where E is the excitation energy, E, the neutron 
kinetic energy, and B, the binding energy of the 
neutron in the compound nucleus. (Here we con- 
sider B, positive if the neutron is bound.) 

We shall now try to show that the formation 
process follows a path along the nuclear energy 
surface such that the 8-decay probabilities and 
capture probabilities are approximately equal. As a 
specific example, consider an O'* nucleus in the 
neutron gas. The first three events that occur will 
be captures as O!” and O'§ are stable. The next 
nucleus to be formed, O!, may either B-decay to F!® 
or capture a neutron and become O”. If O” is 
formed, then it has the possibility of becoming 
either F® or O#! and so on. The important feature 
of the process is that successive neutron captures 
carry us into a region of increased B-decay energy 
and decreased neutron binding energy. On the 
other hand, successive 6-decays carry us into a 
region of low f-transition energy and high neutron 
binding energy. ; 

We may picture the building of heavier and 
heavier nuclei as represented by a path traced along 
the floor and slopes of the Heisenberg valley. The 
allowed moves are AA = 1, AN =1 (neutron capture) 
and AZ=1 (6-decay). From the discussion in the 
preceding paragraph, it is apparent that, regardless 
of the initial starting-point, the path first moves 
toward a region where the capture and #-decay 
probabilities are equal. When this region is reached, 
the formation then* follows a path -such that 
(capture) =A(6-decay). At first thought, it might 
seem that there would be enough branching, i.e., 
enough times when the less probable event happens 
first to make the actual process very complicated 
to follow in detail. However, by the same argu- 
ment, it can be shown that the branches always 
tend to return and unite with the main path. 

The probability of 6-decay is independent of the 
physical conditions, while the capture probability 
increases linearly with the density. Thus the par- 
ticular path which the formation process follows 
depends upon the physical conditions existing at 
the time. The higher the density, the nearer the 
path will be to the neutron saturation limit. Also, 
variations in capture cross section, excluding the 
dependence on excitation energy, will be effective 
in determining the path of formation. Alpher*® has 
already pointed out the inverse relationship that 
exists between the relative abundance of a nuclear 
species and its neutron capture cross section. 

The cross section for radiative capture of a 
neutron may be written 


a(n, y)= on(P'r/Te+Tn), (14) 


if one assumes that the only two competing proc- 
esses are capture and scattering. o, is the cross 
section for formation of the compound nucleus, I’, 
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is the average radiation width, and TI, the average 
neutron width of the excited state. The quantities 
with subscript are averaged over different angular 
momentum states. For neutrons of 0.1 Mev, the 
inelastic scattering can be neglected; then the 
formation of the compound nucleus and the emis- 
sion of a neutron are inverse processes. Weisskopf" 
has shown that under such conditions on «Ty. 
Then if T,>>T,, o(n,7) «I; Reference 13 also 
indicates that I’, varies as E5 for transitions to the 
ground state and as E® if there are appreciable 
transitions to excited states. Apparently the 
capture probability has about the same dependence 
on E as the f-decay probability has on Ws. 

If the topography of the nuclear energy surface 
were known accurately enough, so that values of 
W, and B,, were available for all nuclei below the 
neutron saturation line, one could map out the 
path of formation that was followed in building the 
heavy elements from the light ones. All that would 
be necessary would be to begin with some logical 
initial nucleus and proceed by f-decay and neu- 
tron capture moves, the particular move de- 
pending on the relative size of T;W,(A, Z) ]5 and 
nLE(A+1, Z) ]®. The average neutron density, n 
could be estimated by seeing which value of m gave 
the best fit to the abundance curve. However, there 
is at present no method of estimating Wy and E 
accurately enough to make such a computation 
profitable. 

One easily noticeable feature of the relative 
abundance data is that nuclei of even A are in 
general more abundant than those of odd A. Alpher 
has pointed out that it is not correct to use the 
even-odd variation in capture cross sections to 
explain the even-odd variation in abundances, 
because the nuclei were formed with a different 
neutron-proton ratio than they now have. We shall 
show here that an abundance of nuclei of even A 
over those of odd A is a consequence of the neutron 
capture theory, regardless of the neutron excess at 
formation. 

The behavior of Wo and B, as functions of A 
and Z is tabulated below: 


A Wo 
Odd decreases monotonically with increasing Z. 
Even decreases with increasing Z but values for 
odd Z are larger than for even Z. 
Z Ba 
Odd decreases with increasing A, values for 
odd A are larger. ‘ 
Even decreases with increasing A, values for 


even A are larger. 


Remembering that the formation takes place in 
a region where @-decay and capture are about 
equally probable, and that the respective prob- 


13V. Weisskopf, Lecture Series in Nuclear Physics (Govern- 
ment Printing Office, Washington, D. C., 1947), p. 112. 
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abilities for the nuclear species (A, Z) depend on 
W(A, Z) and B,(A+1, Z), we can estimate which 
process is favored for different types of nuclei. 


A Z Most probable event 
Odd Odd B-decay 
Odd Even Capture 
Even Odd No choice 
Even Even No choice 


Thus there is a tendency for each nuclear species 
to be formed with even Z. This is a sufficient con- 
dition for the formation of more even nuclei than 
odd, as can be seen by observing the variation of 
B, with A for even Z nuclei. 

We have previously rejected the possibility of 
the formation process having taken place under low 
density conditions because of the high £-lifetimes 
involved. However, we can obtain a practical 
lower limit to the intermediate density case by 
assuming the formation path to run along the 
Heisenberg valley, detouring the very long-lived 
B-emitters such as P**, The mean £-lifetime in this 
region is about 1000 seconds. This leads to 10-4 
g/cm’ as the minimum density at which the entire 
process could occur under intermediate density 
conditions. 

The limits of 10—' and 10-" g/cm on the density 
during formation are in agreement with the results 
obtained by Alpher and Herman‘ by fitting the 
abundance curve. Alpher and Herman computed 
the N, as a function of A, using the capture 
probabilities alone. As we have shown that the 
formation occurs under conditions such that 
\(capture)=A(6-decay), this procedure is justified 
for obtaining the general behavior of the relative 
abundance curve. In order to compute individual 
relative abundances, however, it would be neces- 
sary to consider both probabilities. 


V. THE FORMATION OF LIGHT ELEMENTS 


It seems worthwhile to add a note concerning the 
formation of light elements. There are two special 
features of the formation process at small A. First, 
since no stable nuclei of atomic weights 5 and 8 
exist, some reaction other than neutron capture 
will be necessary to bridge the gap at these points. 
Second, for A <16 and at energies of 10° electron 
volts, there are many reactions which can compete 
favorably with neutron capture and all of these 
must be considered in computing nuclear abun- 
dances. 

The long (12 year) half-life of H* makes it impos- 
sible to build even as far as He‘ by the neutron 
capture theory unless H‘ is not a neutron emitter, 
and this seems very unlikely. Apparently a de- 
scription of the formation process up to He* must 
take into account all possible combinations of reac- 
tions involving neutrons, protons, deuterium, 
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tritium, He*®, and a-particles. To build across the 
mass 5 and 8 gaps, it is necessary to assume triple 
collisions such as a—n—n and a—a—n and proc- 
esses such as Li’(a, m)B". Difficulties of another 
type arise at masses 10 and 14. Be! and C both 
have half-lives of more than 1000 years while Be" 
and C!* are probably neutron unstable. From A = 15 
on, there seem to be no breaks in the formation 
chain due to nuclear instability or long-lived 
B-emitters which cannot be bypassed. 

The formation of the elements then appears to 
be divided into two distinct parts. For A >16, the 
process is essentially one of building heavy nuclei 
by successive neutron captures interspersed by 
B-decays. In this region, there are two other reac- 
tions which are of some importance to the formation 
process. They are the nuclear photo-effect, which 
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may be responsible for the creation of isobars,* and 
fission in the heaviest elements, which sets an upper 
limit on the size of nuclei formed. For A <16, there 
are many types of reactions having probabilities of 
the order of magnitude of the neutron capture 
probability, and any attempt to compute the rela- 
tive abundances of light elements must consider 
all of them. 
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The binding energy of the triton has been calculated variationally employing the Hylleraas 
expansion for the trial wave functions, thus permitting a systematic improvement in the binding 





energy. The procedure used was tested by applying it to the binding energy problem of the deuteron 
with tensor forces. The present theory, assuming a rectangular-well shape with a range of 2.8 10-" 
cm for all the internucleon potentials, yields a H* binding energy 40 percent to 50 percent of the experi- 


I. INTRODUCTION 


HE explanation of the properties of the triton 

is a severe test of the phenomenological theory 

of nuclear forces. Prior to the introduction of tensor 
forces, its calculated! binding energy was in good 
agreement with experiment. It was realized at an 
early date by Inglis? that this situation might be 
substantially altered when tensor forces are in- 
cluded in spite of the rather complete explanation of 
two-body problems’ afforded by the Rarita- 


* Assisted by the joint program of the ONR and the AEC. 

** This work was done while the second author (W.R.) 
was in residence at Massachusetts Institute of Technology. 
He takes this opportunity to express his appreciation for the 
hospitality shown him during his stay there. 

1'W. Rarita and R. D. Present, Phys. Rev. 51, 788 (1937). 

? David R. Inglis, Phys. Rev. 55, 988 (1939). 

+See for example: Bailey, Bennet, Bergstralh, Nuckolls, 
Richards, and Williams, Phys. Rev. 70, 583 (1946). Russell, 
Sachs, Wattenberg, and Field, Phys. Rev. 73, 545 (1948). 
(i948) C. H. Collie, and H. Halban, Nature 162, 185 


mental value. Various suggestions for resolving this dilemma are discussed. 





Schwinger theory. In the H® problem, their inter- 
action potential, a rectangular well, is tested for 
larger relative momenta of the constituent nucleons. 
Inglis’ argument was based on perturbation theory. 
A more, complete discussion has been given by 
Gerjuoy and Schwinger,‘ using the variational 
method with results in substantial agreement with 
Inglis. It is the aim of the present paper to enlarge 
the scope of the former’s work by the use of the 
method of Hylleraas which has been applied suc- 
cessfully to problems of this type in the past.1 We 
shall use the two-body law of force as given by 
Rarita and Schwinger.’ Their results do not deter- 
mine the exchange character of the nuclear force 
but this property does not enter crucially into our 
discussions. The main conclusion of the present 
paper is that the simple theory which works so well 

‘E. Gerjuoy and J. Schwinger, Phys. Rev. 61, 138 (1941). 


a 941} Rarita and J. Schwinger, Phys. Rev. 59, 436 and 556 
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for two-body problems fails for H*. We shall discuss 
some possible modifications ia the concluding 
section. 


II. TRITON BINDING ENERGY 


We shall employ the relative coordinates ri, re, 0 
illustrated in Fig. 1. After the coordinates of the 
center of mass are eliminated the Hamiltonian for 
this problem may be expressed in terms of these 
coordinates : 


H= —(h®?/M)(¥V2+41-V2+ V2") 
+V(ri)+V(r2)+V(p). (1) 


The potential energy V is 
V(p) = — {1-$g+3g01-02+7Si2}J(p). (2) 


Here @; is the Pauli spin vector associated with the 
ith particle, and 


Si2=[3(01- 0) (02° 0)/p? ]—o1- 02. (3) 


V(ri), the potential between particles 1 and 3 is 
obtained by replacing o2 by 3 in (2) and (3) and 
o by ri. The constants g and 7, are given by Rarita 
and Schwinger® for a rectangular potential well of 
depth Vo and range ro: 


g=0.0715, y=0.775, 
V)=6.40 Xbinding energy of the deuteron, (4) 
ro =2.80-10-* cm. 


The ground state of H*® has a total angular mo- 
mentum of 3%. For a three-particle system the 
possible orbital angular momentum states are S, 
P, D. The S states must be doublets, the D states 
quartets, while the P states may be either doublet 
or quartets. The angular and spin dependence may 
be removed either in terms of the Eulerian angles 
associated with the plane containing the three par- 
ticles* or much more conveniently by the use of spin 
operators as performed by Gerjuoy and Schwinger. 
From the measured magnetic moment’ of H*, it 
may be seen that the principal state is an S state. 
Of the two S states which can be formed, the most 
important will be that one symmetric in 7; and 72; 
its angular and spin dependence will be represented 
by *S;°; the other S state 2.S;! will be antisymmetric 
in r; and 72. In virtue of Hamiltonian the 2S;° state 
will interact directly with the *S;! state and with 
the 4D, states. These latter may be formed as shown 
by Gerjuoy and Schwinger from the four operators 
which may be realized by combining the dyadic 
0103 with the space dyadics rifi, rife, etc. However, 
it has been shown by L. H. Thomas® that an 
identity exists between these four so that there are 


*E. C. Kemble, The Fundamental ee of Quantum 
rece! ee Cook Company, Inc., New York, 
, p. 230. 
7H. Anderson and A. Novick, Phys. Rev. 71, 372 (1947). 
§ Private communication. 
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Fic. 1. Coordinates for H’. 


only three independent D states, which we shall 
call 4D,°, 4D, 4D,’. This may be verified directly 
using the more explicit Eulerian angular de- 
pendence.? Only one of these D states has a de- 
pendence on 7; and rz which is even in their 
exchange: 


4D,° = (r12Sis+re? S23) 2.S;°. (5) 


It will be assumed here as in Gerjuoy and Schwinger 
that this state is the principal one combining with 
the ground state *S;°. The qualitative argument 
upon which this is based relies on the fact that the 
4D,!? states are odd in the exchange of 7; and r2 
and thus must have a node whenever r1=72, i.e., 
whenever the two neutrons are close together. From 
the short range character of the forces it follows 
that V(p) will have relatively little average value 
for these’states. A similar argument may be applied 
to the 2S; state which is known to be present in a 
relatively small amount in the ground state of H’*. 
We therefore write for the wave-function V: 


VW =f *Sy+g *D,’, (6) 


where f and g will depend only upon 1, r2, and p. 
Finally 


*S;°= (1/87) 4a(3)[a(1)8(2)—B(1)a(2) J, (7) 


where a and 8 are the usual spin functions. Ex- 
pression (6) may now be introduced into the varia- 
tional principal to obtain the energy E: 


E=(¥, H¥)/(¥, ¥). (8) 


The explicit expressions are given in the Appendix. 
The functions f and g were determined by the 
method of Hylleraas. The functional forms assumed 
first were 
f=A exp[—Xritre)—vpe], (9) 
g=B exp[—u(ri+r2) —op]. 


When a variational function of the type f is used 
in the Rarita-Present theory, one obtains im- 
mediately 90 percent of the binding energy of H’, 
which indicates that it is an excellent description 
of the S state. Once the proper values of X, y, », ¢ 
are determined both f and g are to be multiplied 


® Herman Feshbach, Phys. Rev. 61, 544A (1942). 
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TABLE I. Percent experimental binding energy. 








S state 





Nucleus (no tensor forces) S and D S D 
H? 74 66 —46 112 
H? 70 32 18 14 
H? 28 

Equivalent 
Two Body 








by power series in 71, 72, and p. For variational 
functions (9) it was found that Ax» and «~0 
although equalities did not occur precisely at the 
minimum. However, because the difference in 
binding energy involved was slight (about 3 per- 
cent) the simpler expressions obtained by assuming 
equality were used with 


A=v=1.5/r9; u=5.0/ro. (10) 


The binding energy found using function (10) was 
32 percent of the experimental binding energy, and 
the percent D state=1.7 percent. 

The next step involved the use of the Hylleraas 
expansion for both f and g. In the present calcula- 
tion terms up to the squares of 71+72, and p and 
their crossproducts were included. Thus ten more 
terms, five for the S state and five for the D state 
were considered. No marked improvement in the 
binding energy was obtained when the coefficients of 
these terms were varied, indicating that form (9) was 
already a good approximation to the correct wave 
functions. The final value for the calculated H® 
binding energy was 40 percent of the experimental 
value. 

To buttress this conclusion, we have checked 
upon our results by comparing with similar calcu- 
lations for the deuteron and by employing the 
equivalent two body’® method to estimate the con- 
tribution of the S state to the total energy. These 
results, are summarized in Table I. 

We have given our results for the case of the 
simple function (10). For the more complicated 
Hylleraas expansion, we estimate that the entries 
in columns (3) and (4) for H*® would change to 21 
and 19, respectively. 

The first column S gives the energy computed 
using the potential energy required to obtain the 
binding energy of H? before the discovery of the 
deuteron quadrupole moment, and thus in the 
absence of tensor forces. The second column yields 
the total energy when potential energy (2) is used. 
The decomposition in the third and fourth columns 
gives the energy obtained from the S state alone 
and the energy obtained from the D state together 
with the coupling energy between the S and D 
states. 

We first note that the equivalent two body 


Eugene Feenberg, Phys. Rev. 47, 850 (1935); 48, 906 
(1935), 


o=0; 
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method gives for the binding energy from the $ 
state alone, the value 28 percent of the experi- 
mental binding energy of H*. This value is to be 
compared with 18 percent for the trial function 
(10) and 21 percent for the Hylleraas expansion, 
remembering that the two body method may give 
a value 10 to 15 percent too large in absolute value. 
The rough agreement obtained indicates that our 
representation of the S state is excellent. No such 
check is available for the D state energy so that we 
must rely on the indirect evidence offered by the 
above S state comparison, and the data in the 
table. Here we see that for the simplest variational 
form used for H? the energies computed with and 
without tensor forces are very close. Moreover when 
a power series expansion was added on to the 
deuteron wave functions the rate of improvement 
was similar to that obtained for H* with the Hyl- 
leraas expansion. We would like to emphasize the 
drastic change in the comparison between the 
computed energies for the binding energy of H?# 
with and without tensor forces. Moreover the de- 
composition in S and D energy given in columns 
(3) and (4) lends additional weight that no gross 
inaccuracy can be ascribed to our final values.*** 

As a final check, the contribution of the 2.S;! state 
was computed using form (10) for the 2S;,° and 2D,° 
terms. The 25S;! state couples directly to the 2S,° 
state. It is fairly representative of the many 
omitted states noted above. We then let 


VY =f 2S,9+-g 4Dy +h 2Sy. (11) 


The function / must be odd in exchange of 7; and rz 
so that as in Rarita and Present h must be taken 
proportional to 71—r2. Then 


h=D(ri—re) expL—a(ritretp) ], 


where D and a are to be determined variationally. 
The resulting increase in binding energy is only 0.4 
percent indicating that these additional terms will 
not affect the binding energy of H® to any great 
extent. We thus conclude that the computed bind- 
ing energy of H® employing nuclear potentials (2) 
and (4) is not appreciably greater than 40 percent 
of the experimental value. 


Ill. DISCUSSION 


It is appropriate now to discuss some of the 
possible changes in the internucleon potentials 
which might bring the theoretical value for the 
binding energy of H® into agreement with experi- 
ment. One might hope to resolve the difficulty by 
(1) keeping the Rarita-Schwinger potential intact 

*** One of us (W.R.) has used a joining method (described 
Phys. Rev. 74, 1799 (1948)), to compute the binding energy. 
Here f and g are assumed to have different radial dependence 


inside and outside of an arbitrary radius. The best binding 
thus obtained was 36 percent. 
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and adding forces which are of some importance 
in H® and of relatively little importance in H?, and 
(2) changing the shape and range of the interaction 
potential. 

Considering method (1) first, a measure of the 
additional potential required is given by the ratio 
7 of the Vo needed to the Vo used in (4). We estimate 
7~1.1. Such additional potentials can in principle 
arise from relativistic effects since v?/c? of a nucleon 
in H* is appreciable. Relativistic effects include 
three body forces" beside relativistic corrections” 
to two body forces. The latter will probably be 
made available as a result of experiments on high 
energy neutron-proton scattering. It should be 
noted however that such additional potentials as 
contemplated above would not correct other dif- 
ficulties of the Rarita-Schwinger interaction po- 
tential.” 

In category (2) we have investigated briefly the 
effects of a change in range, or shape, or both, of 
the interaction potential. Decreasing the range of 
both the central and tensor forces decreases the cal- 
culated binding energy of H*. For example using 
the range 2.66-10-'* cm with a rectangular well 
potential for J(r), the calculated binding energy of 
H? decreases to 24 percent of the experimental value 
for the same trial functions which yield 32 percent. 
The qualitative reason for this behavior may be 
given. Reducing the range requires a greater relative 
amount of tensor force, i.e., a greater y, for only 
in this way is it possible to obtain the experi- 
mental quadrupole moment for the deuteron. How- 
ever a large y requires a smaller Vo (in order to 
obtain the experimental binding energy of the 
deuteron), leading to a reduction in the calculated 
binding energy of H*. Since present two body data 
requires, if anything, a reduction in range, changing 
the range of both central and tensor forces does not 
seem to be a fruitful idea. 

Another possibility then would involve main- 
taining the range of the central force to that given 
by p-p scattering data, but using a longer range 
tensor force. Primakoff and Feenberg'® have pointed 
out that by taking the tensor range sufficiently 
long the tensor force would have no effect on 
binding energy problems, so that the binding 
energy problem would return to the pre-tensor 
situation. Here however a difficulty encountered by 
Rarita and Present would recur, for although H* 
binding would be precisely correct, the calculated 
binding energy for He* would be too large. This 
has been verified for other potential wells by 


" H, Primakoff and T. Holstein, Phys. Rev. 55, 1218 (1939). 

2 Gregory Breit, Phys. Rev. 56, 153 (1938). 

13D. Bohm and C. Richman, Phys. Rev. 21, 567 (1947); 
J. Blatt, Phys. Rev. 74, 92 (1948). 

™ William G. Guindon, S.J., Phys. Rev. 74, 145 (1948). 

’® Henry Primakoff, Phys. Rev. 72, 118 (1947). 
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Svartholm.'* It is essential, therefore that the 
tensor force be of sufficient strength as to effect the 
binding of H? considerably, of H* somewhat, and of 
He‘ not at all. This adjustment is very sensitive to 
the shape of the interaction potential. 

Finally one might give up the luxury of charge 
independent nuclear forces as suggested by Blatt.” 
It would be necessary to keep the (n—n) and (p-)) 
forces the same because of evidence obtained from 
the energy differences of mirror nuclei, particularly 
the H*— He? binding energy difference. It is, how- 
ever, possible to reduce the range of either the 
singlet m—p force or the central (non-tensor) part 
of the triplet (n-p) force. It should be noted that 
such an interaction potential would in addition 
yield results closer to the present scattering data 
than the Rarita-Schwinger ansatz. 
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APPENDIX 
Variational Calculation for the Deuteron 


The deuteron serves as a useful introduction and control to 
the more difficult triton problem. The energy E of the deuteron 
ground state is 


Ef [(Au)*+(Bw)*Jér 
= J” {[d(Au)/drP— JAE —4V2yJABuw 


—(1—2y)JB*w*+ (6B*w?/r*) +[d(Bw)/drP}dr. (A1) 


Here Au/r is the S radial ‘wave function and Bw/r is the D 
radial function. Varying the coefficients leads to a secular 


equation 
JZy|=0, By =Py—Lig—-ENy. (A2) 


Using the binding energy of the deuteron |Zo| as the unit of 
energy: 


Pu=1/a2{”(du/dr)'dr, a? =M|Eo|/®, 
Pie = 0, 
P= t/a [(dw/dr)?+6(w*/r*) Wr, Nu= J, war, 


Liu = f° Jutar, 


Lie = 28 fy Juwdr, 


Niu = 0, (A3) 
No = fr wrdr, 


ken J. "(1 —2y) Jw%dr. 


Let J be the rectangular well. Use ro, its range, as the unit of 
distance. Let u=re~”, w=r%e—". All the integrals are easily 


16 N. Svartholm,. Thesis. 
t Since the calculations reported here were completed, one 
of us (H.F.) has shown that a potential 
V(o) = —[(1— 4g) +4201 02] Ve(o) + Si2Ve(0) 
= Voc(e~*?/up Vz = Vor(e—*?/rp) 
u=326 mc/h r=p/1.8 
yields on a variational calculation 85.5 percent of the experi- 
mental H? binding. 
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evaluated. The integrals involved are of the form 
J. "ede = 1 a. ; re "dr= S,”. 


Variational Calculation for H® 


We list the elements of the matrices P;;, Lij, Nij. The 
determinant is, of course, of the form (A2). The elements Pu, 
Ly, and Ny listed first are well known being given in Rarita 


and Present. 
rusts Of fs 


Pu=f{(2)'+(5 5) +Q)+ rife Or Ore 


rita Of Of To-Tidf Of d 
rip Or,9p fep Or2dp 
dr=4rirepdridredp. 


Li=(1—2g)L8(12) +(1 —g/2)[L$(13) +L4(23) ], 
L8(12) = f fI(o)dr, L4(13) +L4(23) = f PEI) + I(r) er. 
The coupling term Ei: is: 


Ex=—27 f f?SiI(ri)g *Di'dr 


(A4) 


. 
’ 


(AS) 


(A6) 
=—2yf fJ(r:)gl6ri2+(3—9 cos*6)r2* dr. 


The kinetic energy for the D state P22 is: 
— Po=(g*DP|V 2F+V1-V2t+V 1g 4D;°) 
+£2 (p08 


Stead) alae 


° 2 . 2 
4% ru Os re. -_F 0*g 
rip Or,0p rep Oredp 


20 
+7428] eoeppy) 
p Op 





Ti'f2, 0°g 
11f2 OF,0Pre 


- 
° £1 ae 
+[6r14+37r17.?(1—3 costa) pete. 


+[6re4+3r2r22(1—3 costa) pee hay, (A7) 


where (4D,°|4D,°) =6[714-+-7r24+1r12r2?(1 —3 cos?) J. 
Lea=([L?(12) +L?(13) +L?(23)] 
+7[ZLr?(12)+Lr?(13)+Lr?(23)], (A8) 


where the subscript 7 denotes tensor, the terms involved 
being diagonal values for the D state for the tensor terms. 
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LP(12) =f gJ(o)dr; L?(13) = f g*J(rvddr; 


L?(23) = f g*J(rs)dr, 
(A9) 
Lr? (13) = f [6(rst—r:%7? —2r14) 


—3(1—cos?6) (r24+-11°r2?) ]g2J (r1)dr. 


For L7?(23) make substitutions 7172 in multiplication factor 
in square brackets and in J(r1). 


Lr?(12) = f° {12[retratrtra( SP") 


—FUant+2nt+ (ri2?+re?)rier? 


—3(rit+re*)rire cost] pet (e)dr. (A10) 


Finally 
Nea= f g’dr(*Dp/*D¥). (Alt) 


Assuming (10) for the D state and the rectangular well shape 
No2=(192)(6!)/u; P22=(96)(6!)/u8; 


L?(12) = +vf 2 — Ig + (S# — Ie") 


—F(S#— +7 5 (Sot — ~ 10); 
L?(13) +L?(23) = +96 Vol Se*Ie# +S2'Io"]; 


(A12) 
Ly? (12) = at Se = ~ I) 
183 
~ (SPI) +525(SP— It) - (Sit -1)}; 
Lr? (13) +L 7? (23) = #96 nee. — SPI Ye —2SP TI"). 


When the more complicated variational function (9) or the 
Hylleraas expansion are used more difficult integrals appear. 
Two auxiliary integrals had to be introduced. 


1 8 
i. — B = f sme—atds f p"eFrdp, 


1 ) rite 
Gim, Pref rile-aridr, { rmePrdrs { 


pe "dp, 
Iri —re| 


(A13) 


where s=7,;+72. By means of recurrence relations these may 
be reduced to the J and S integrals defined above. 
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S-Wave Proton-Proton Scattering from 0.2 to 40 Mev for the Yukawa and Gauss 
Error Potentials 
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Tables of the phase shift expected for the S-wave in proton-proton scattering are presented. The 
energy range covered is from 0.2 to 40 Mev. The accuracy obtainable by means of them is stated 
in thé text and is believed to be sufficient for most applications. For energies below 5 Mev use is 
made of the function f which varies nearly linearly with energy. Representations of f in terms of 
depth and range of the potential wells are studied and some questions arising in comparing potentials 
with each other and with experiment are briefly discussed. 





I. INTRODUCTION AND NOTATION 


HE calculation of phase shifts arising in the 
collision of two protons has been treated by 
many authors.'? Differences in methods, in in- 
tended accuracy of numerical work, in the choice 
of values of fundamental physical constants, and 
in the manner of presenting results make it difficult 


to make use of the material effectively. It was felt, - 


therefore, that there is a need for a set of calcula- 
tions giving the expected values of the S-wave 
phase shift through the range of energies of probable 
interest for comparison with experiment. The lower 
end of this energy range is at? about 0.2 Mev for 
incident protons. Plans of the Berkeley group to 
experiment at about 30 Mev made it desirabie to 
go somewhat beyond this energy and the calcula- 
tions have been made, therefore, in the range from 
0.2 to 40 Mev. 

One of the objects of the present paper is to 
provide experimental groups with sufficiently com- 
plete and simple information to facilitate the 
interpretation of their results during the progress 
of the measurements. Presentation of phase shifts 
in numerical form proved to be the simplest and is 
probably the most adequate means for this purpose. 
The more essential data are given in Tables I, 
II, III. Additional values for: other widths and 
depths of potential energy wells are available. These 
are useful for improving the interpolation properties 
of the tables and can be furnished to those needing 
them. The interpolation properties of the tables are 
sufficiently good for most purposes. Together with 
Tables I-V of BTE the numerical formulas listed 
for each scattering angle therein and supplemented 


* Assisted by the ONR. 

1 Experimental and theoretical work up to 1939 is sum- 
marized by G. Breit, H. M. Thaxton, and c. Eisenbud, Phys. 
Rev. 55, 1018 (1939). This paper is referred to in the text as 
BTE, the experimental work of Herb e¢ al. as HKPP, of Tuve 
et al. as HHT. 

2 A more recent collection of references is found in G. Breit 
and W. G. Bouricius, Phys. Rev. 75, 1029 (1949). The work 
of Hoisington, Share, and Breit is referred to as HSB, that of 
Breit, Broyles, and Hull as BBH, that of Blair, Freier, Lampi, 
Sleator, and Williams as BFLSW, that of Hoisington and 
Thaxton as TH, that of Breit, Kittel, and Thaxton as BKT. 


by Eqs. (3.1), (3.2), (3.3) of BTE for other scatter- 
ing angles the results reported on here make it 
possible to interpret experimental ‘material without 
complicated mathematics. The isolation or elimi- 
nation of effects of phase shifts for angular momenta 
greater than zero is not taken care of by the 
material listed. It is partly covered by the work of 
BTE,! BCP,! and BKT? and has given rise so far 
only to minor and uncertain corrections. 

In order to facilitate interpolation at the lower 
energies use is made of the function f of BCP. This 
quantity varies nearly linearly with energy. The 
intercept, slope, and quadratic coefficient of E for 
the (f,Z) line vary smoothly with convenient 
combinations of potential well parameters. Repre- 
sentations of these are given below under Eqs. (3) 
to (4.52) in terms of range and depth times square 
of range. The square well parameters which repro- 
duce the intercept and slope of the (f, Z) curve 
have been calculated and are given by Eqs. (4.6), 
(4.7) and the explanations adjoining them, The 
employment of the f function provided an addi- 
tional check on the calculation. The distinction 
between the equivalence of two potential wells for 
zero energy and for a fit to each other at two 
energies is discussed and the relation of some fits of 
potential well parameters to experiment is con- 
sidered from this viewpoint. 


Notation 


The notation of this paper is that of BTE! and 
HSB? except for the following’changes and addi- 


tions. 

Well parameters: 

A/mc?=A’', ah®/(Mmc*)=a', C/mc?=C’, ame*/e* 
=a’, 

Bohr collision radius ag = h?/e?. 

Coulomb functions Fo, Go are denoted by F, G, 
respectively. 

Phase amplitude quantities @, y introduced by 
F=@ sing, G=@ cosg. ’ 

R=cut-off distance for potential tail. 

r.=rmc?/e?, Re=Rmc*/e?, b,=bmc?/e’. 
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TABLE I. Values of phase shift Ko in degrees for meson potential —Ce~/*/(r/a). Potential is cut off at r=3e*/mc*. Notation 
in headings: C’= C/(mc*), a’=a/(e?/mc*).  ~ 








0.4 0.4 0.42 0.4 0.45 
16.32 15.84 15.36 15.81 17.01 
102 ‘ 96 89.6* 84 


0.45 
16.40 
81* 78* 75* 72 


0.45 
15.19 


0.45 


15.79 14.58 





7.79 6.54 5.60 6.71 11.14 
17.60 14.70 12.52 15.07 25.22 
25.69 21.55 18.40 22.06 33.95 
32.08 27.43 23.27 27.69 43.55 
37.09 31.66 27.32 32.25 48.92 
44.19 38.38 33.55 38.94 55.63 
48.82 43.00 38.02 43.48 59.38 
50.52 44.81 39.79 45.18 60.66 
51.93 46.27 41.30 46.67 61.67 
53.13 47.56 42.63 47.92 62.45 
54.13 48.67 43.79 48.98 63.08 
55.67 50.40 45.63 50.64 63.92 
58.03 53.24 48.78 53.28 64.92 
59.17 54.76 50.59 54.67 65.07 
59.69 55.59 51.69 55.39 64.85 
59.90 56.04 52.33 55.75 64.46 
59.87 56.21 52.70 55.85 63.95 
59.75 56.28 52.90 55.86 63.45 
59.52 56.19 52.95 55.73 62.90 
59.01 55.91 52.88 55.35 61.86 
58.41 55.50 52.64 54.88 60.86 
57.78 55.02 52.30 54.34 59.92 
57.16 54.52 51.93 53.83 59.05 
56.56 54.02 51.52 53.29 . 58.24 
55.96 53.51 51.10 52.76 57.47 
55.40 53.03 50.70 52.26 56.75 
54.85 52.55 50.28 51.76 56.06 
54.33 52.09 49.88 51.28 55.45 
53.82 51.64 49.48 50.82 54.84 
53.34 51.20 49.08 50.37 54.26 
52.42 50.38 4835  49.53' 53.20 
51.60 49.62 47.67 48.75 52.24 


pent id mh a 


* 


APN SCHORODOORI 


COWIA GIR wht 


8.66 
19.53 
28.28 
34.97 
40.06 
46.98 
51.28 
52.81 
54.06 
55.10 
55.96 
57.20 
59.00 
59.71 
59.91 
59.86 
59.62 
59.32 
58.96 
58.20 
57.43 
56.67 
55.92 
55.25 
54.58 
53.96 
53.35 
52.85 
52.26 
51.74 
50.78 
49.90 


7.85 
17.53 
25.30 
31.28 
35.88 
42.22 
46.21 
47.64 
48.81 
49.77 
50.58 
51.72 
53.34 
53.94 
54.05 
53.93 
53.62 
53.26 
52.90 
52.10 
51.32 
50.57 
49.86 
49.18 
48.55 
47.96 
47.37 
46.86 
46.34 
45.84 
44.92 
44.10 


4.92 
10.94 
16.09 
20.32 
23.85 
29.40 
33.46 
35.09 
36.50 
37.74 
38.83 
40.57 
43.61 
45.38 
46.46 
47.13 
47.50 
47.72 
47.81 
47.77 
47.57 

°47.27 
46.94 
46.57 
46.19 
45.82 
45.44 
45.07 
44.71 
44.35 
43.67 
43.04 


7.00 
15.70 
22.89 
28.66 
33.25 
39.89 
44,31 
45.97 
47.36 
48.53 
49.53 
51.06 
53.45 
54.63 
55.18 
55.41 
55.41 
55.31 
55.12 
54.63 
54.06 
53.47 
52.88 
52.31 
51.74 
51.21 
50.68 
50.20 
49.71 
49.23 
48.38 
47.59 


5.82 
12.98 
19.00 
23.93 
27.98 
34.11 
38.42 
40.09 
41.52 
42.77 
43.84 
45.51 
48.31 
49.84 
50.69 
51.16 
51.36 
51.44 
51.39, 
51.14 
50.77 
50.33 
49.88 
49.41 
48.94 
48.49 
48.04 
47.61 
47.19 
46.78 
46.01 
45.30 


16.60 
24.09 
30.13 
34.57 
41.07 
45.28 
46.82 
48.08 
49.16 
50.06 
51.40 
53.40 
54.28 
54.60 
54.65 
54.48 
54.26 
53.96 
53.31 
52.63 
51.94 
51.29 
50.66 
50.05 
49.49 
48.94 
48.42 
47.92 
47.43 
46.54 
45.72 


21.50 
30.85 
37.76 
42.85 
49.50 
53.43 
54.79 
55.87 
56.74 
57.46 
58.45 
59.72 
60.06 
59.96 
- $9.68 
59.26 
58.82 
58.32 
57.38 
56.46 
55.60 
54.80 
54.04 
53.32 
52.66 
52.02 
51.42 
50.85 
50.30 
49.30 
48.39 


34.34 
38.47 
40.06 
41.40 
42.55 
43.55 
45.09 
47.57 
48.86 
49.52 
49.82 
49.90 
49.87 
49.73 
49.35 
48.87 
48.36 
47.85 
47.35 
46.84 
46.37 
45.90 
45.45 
45.02 
44.60 
43.80 
43.08 








* The values used in the numerical integrations in these column headings are more accurately given by 89.648 instead of 89.6, and 15.1875, 15.7950, 


16.4025 instead of 15.19, 15.79, 16.40, respectively. 


** The Ko at E=0.8, 2.0 Mev have been obtained by means of the function f starting with directly computed Ko at E =0.6, 1.0 Mev and E =1.8, 2.2 


Mev, respectively. 


b=radius of square weil 

Q’ =dQ/dp=dQ/kdr; Q is any quantity. 
x = (M/h?)_E/2—V—e*/r]. 
Y=rd§/§dr. 

xe=ra}, xy =r/a, x= (8r/az)}. 


f=fO+fME+fORt+.-., 
II. CALCULATIONS AND TABLES 


The numerical integrations by means of which 
the logarithmic derivative of § has been obtained 
have been performed at intervals of 0.1 in xg, xy. 
The solution was started at r=0 by a power series 
expansion for the Gauss potential and an equivalent 
though formally different procedure was used for 
the meson potential. The results of the modified 
procedure have been compared with the power 
series procedure in several cases to make sure of its 
reliability. The phase shift was then determined 
by means of the formula 


cot(y+Ko) =@- §'/§—-@4, (1) 

or in some cases by means of the equivalent formula 
cot(y+Ko) —coty=(§'/§-F'/F)@, (1.1) 

where the symbols are as in the list of notation. At 


energies overlapping the work of BTE the formulas 
referred to in that reference have been used. For 
both potentials the above formulas were applied at 
r-=3. In this way there resulted a value of Ko 
corresponding to a purely Coulombian potential 
for r,>3. For the Gauss error potential the effect 
of the tail of the potential energy curve beyond 
re=3 was found to be negligible. For the meson 
potential a correction for the tail effect has been 
worked out by perturbation methods and is repro- 
duced in one of the tables. The phase ¢ and the 
amplitude @ of the Coulomb functions have been 
calculated by means of Eqs. (9) and (10) of J. A. 
Wheeler’ so that 


@=1+41/p+a2/p?+---. (1.2) 


In the formula for a3 Wheeler’s — 1/8 was replaced 
by —7/4. The additional term for 


a¢=4641n5/1024 — 2431'/128+281792/32 (1.3) 


was found useful. These equations suffice for the 
calculation of the amplitude @ The phase ¢ has 
been obtained by means of Eq. (4b) of Wheeler.’ 


3 John A. Wheeler, Phys. Rev. 52, 1123 (1937). 
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S-WAVE PROTON-PROTON SCATTERING 


TABLE II. Values of correction to Ko in degrees for meson potential. These should be added to Ko of Table I in order to allow 
for effect of potential in region r >3e?/me?. 






1391 














\G@ 0.4 0.4 0.42 0.45 0.45 0.45 0.45 0.5 0.5 0.5 0.5 0.5 
ey 102 99 89.65 84 78 5 72 69 66 63 60 57 
E and 
, a 96 
0.2 0.02° 0.02 0.03 0.07 0.05 0.04 0.03 0.1 0.12 0.09 0.08 0.09 
0.4 0.05 0.04 0.06 0.14 0.09 0.08 0.07 0.31 0.23 0.19 0.15 0.13 
0.6 0.06 0.05 0.07 0.16 0.12 0.10 0.09 0.33 0.27 0.23 0.20 0.17 
1.0 0.06 0.05 0.08 0.13 0.12 0.11 0.10 0.25 0.24 0.23. 0.21 0.19 
1.4 0.04 0.04 0.06 - 0.09 0.10 0.10 0.09 0.16 0.17 0.18 0.18 0.17 
1.8 0.03 0.03 0.05 0.06 0.07 0.08 0.08 0.10 0.12 0.13 0.14 0.14 
22 0.02 0.02 0.03 0.04 0.05 0.06 0.06 
2.4 0.02 0.02 0.03 0.03 0.04 0.05 0.05 
2.6 0.01 0.02 0.02 0.02 0.04 0.04 0.04 
3.0 0.01 0.01 0.02 0.01 0.02 0.03 0.03 
4.0 0.00 0.00 0.00 0.00 0.01 0.01 0.01 























This equation gives in the notation of the present 


paper 
(1.4) 


Substitution of the power series in 1/p for G, 
expansion in powers of 1/p and integration term by 
term gives an addition to the asymptotic form 
p—ln2p+oo in the form of a power series in 1/p. 
This series starts with the term (2a2—3a,’)/p in 
Wheeler’s notation. The calculations have been 
checked against semiconvergent expansions for F 
and G and other known methods. Some divergences 
from the values listed by TH? have been found and 
accounted for by their use of 0.0489 for pn at r,=1 
rather than the value used here and in BTE. 
Making allowance for this difference in constants 
it proved possible to make use of most of their work. 

The fundamental physical constants enter the 
work through 


q=(M/m)(e?/hc)?=0.0977 (17) (1.5) 


and the value of mc? in Mev. The Coulomb func- 
tions involve dimensionless quantities 


on=1r/ag=(rmce?/e*)g/2=rq/2, (1.51) 
n= (q/2)*(mc?/E)*(Mu/M)}. (1.52) 


The differential equations for the two potentials 
can be written as 


{d?/dé§g?+E/(2mc?) +A’ exp(—a’&g*) 


g’ =a. 


—q'/ta}§=0, (1.53) 
{d?/d&y?-+ gL E/2me*) + C’(a’ /Er) 
Xexp(—ty/a’)—1/ty]}§=0, (1.54) 
where 
teg=r/le, ty=r/ly (1.55) 
with the units of length 
le=h/(Mmc?)', ly=e?/me*. (1.56) 


The application of the joining Eq. (I) requires the 
identification of corresponding values of p or pn 
with é@ or éy. For gy the unit of length ly is the 





same as for the Coulomb functions. For &¢ the 
ratio of the units of length is 


ly/lg=q). (1.57) 


Effects of changes in the values of fundamental 
constants can thus be traced through the effects of 
gq and E/mc*. The numerical integrations matter 
only through %’/§. In most cases the quantities 
§, § were interpolated for at r,=3. For the meson 
case the interpolation was usually parabolic; for 
the Gauss potential it was usually linear. 

Numerical integration of differential equations 
is subject to cumulative errors. The adequacy of 
the choice of interval length, the number of signifi- 
cant figures carried and the choice of interpolation 
formula for the second difference has been tested, 
therefore, by several methods in a number of 
representative cases. Some of the tests were based 
on the equation 


Vi— Yet (r/8:83) J (x1—x2)$:8:dr=0, (1.6) 
0 


which applies to solutions of 
P§/dr+xi(rFi=0, (¢=1,2) (1.61) 


with vanishing § at r=0. This relation is closely 
related to similar formulas occurring in derivations 
of Green’s function for one dimensional problems, 
to Eqs. (10.3) of BCP (9.1) of BTE, and to Eq. 
(10) of Ramsey.‘ Values of the homogeneous loga- 
rithmic derivative Y obtained from the numerical 
solution of the wave equation have been used in 
Eq. (1.6) and their differences have been thus 
compared with the integral occurring in that equa- 
tion. The function x was changed either by changing 
the energy, keeping the potential fixed or by 
changing the potential. The work for the two 
potentials which. was carried out by different 
methods was thus intercompared. The differences 
in Y,—Y2 were always interpretable in terms of 


4W. H. Ramsey, Proc. Camb. Phil. Soc. 44, 87 (1948). 
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rees for Gauss error potential —A exp(—ar?). Potential is cut off at r=3e?/me. 


TABLE III. Values of phase shift Ko in d 
A/me?, a! =ah?/Mme*. 


Notation in headings corresponds to A’= 








51.44 47.54 49.92 52.42 55.04 57.79 60.04 61.95 
21.59 22 22 22 22 22 24 24. 24 26 
r A/w? A/w rX Aw Aw? /w Aw r 


A’* 42.89 45.38 47.65 50.03 
a’ 18 20 20 20 
A’/al X \/w rX Aw 


8.89 
20.04 
28.93 
35.67 
40.73 
47.52 
51.63 
53.09 
54.26 
55.19 
55.96 
57.05. 
58.42 
58.74 
58.55 
58.10 
57.51 
56.86 
56.14 
54.66 
53.24 
51.85 
50.52 
49.25 
48.04 
46.90 
45.81 
44.78 
43.80 
42.87 
41.16 
39.60 


E 
(Mev) 





8.59 
19.39 
28.10 
34.77 
39.84 
46.78 
51.04 
52.56 
53.79 
54.80 
55.63 
56.84 
58.45 
58.94 
58.90 
58.57 
58.10 
57.52 
56.87 
55.55 
54.21 
52.90 
51.63 
50.41 
49.26 
48.16 
47.10 
46.10 
45.15 
44,23 
42.54 
41.00 


5.42 
12.12 
17.80 
22.51 
26.44 
32.49 
36.84 
38.54 
40.02 
41.30 
42.42 
44.21 
47.15 
48.76 
49.63 
50.05 
50.20 
50.16 
49.97 
49.41 
48.67 
47.84 
46.99 
46.12 
45.25 
44.40 
43.57 

. 42.77 
41.99 
41.24 
39.80 
38.49 


8.34 
18.83 
27.35 
33.96 
39.04 
46.07 
50.47 
52.05 
53.34 
54.41 
55.30 
56.61 
58.42 
59.09 
59.18 
58.96 
58.57 
58.07 
57.49 
56.29 
55.04 
53.81 
52.61 
51.45 
50.33 
49.27 
48.25 
47.28 
46.35 
45.45 
43.79 
42.27 


11.40 
25.79 
36.66 
44.30 
49.65 
56.26 
59.89 
61.08 
62.00 
62.73 
63.28 
63.99 
64.68 
64.51 
63.96 
63.25 
62.45 
61.60 
60.74 
59.05 
57.45 
55.92 
54.48 
53.11 
51.82 
50.61 
49.46 
48.37 
47.34 
46.36 
44.55 
42.91 


6.84 
15.34 
22.41 
28.09 
32.63 
39.25 
43.68 
45.34 
46.72 
47.91 
48.90 
50.42 
52.72 
53.76 
54.16 
54.17 
53.96 
53.62 
53.17 
52.17 
51.08 
49.97 
48.88 
47.81 
46.77 
45.78 
44.82 
43.90 
43.02 
42.17 
40.59 
39.16 


6.89 
15.46 
22.56 
28.26 
32.81 
39.42 
43.83 
45.48 
46.86 
48.02 
49.01 
50.51 
52.76 
53.75 
54.12 
54.13 
53.92 
53.55 
53.08 
52.09 
50.98 
49.81 
48.70 
47.60 
46.50 
45.46 
44.51 
43.63 
42.75 
41.89 
40.32 
38.89 


4.75 
10.55 
15.49 
19.65 
23.15 
28.64 
32.70 
34.34 
35.76 
37.01 
38.11 
39.90 
42.91 
44.64 
45.63 
46.17 
46.40 
46.44 
46.34 
45.88 
45.25 
44.50 
43.70 
42.89 
42.08 
41.28 
40.50 
39.74 
39.00 
38.27 
36.90 
35.65 


5.63 
12.57 
18.41 
23.25 
27.24 
33.33 
37.63 
39.32 
40.76 
42.01 
43.08 
44.78 
47.54 
48.99 
49.71 
50.02 
50.06 
49.92 
49.66 
48.95 
48.09 
47.17 
46.24 
45.30 
44.38 
43.49 
42.62 
41.78 
40.97 
40.19 
38.71 
37.37 


6.40 
14,38 
21.09 
26.56 
31.03 
37.67 
42.24 
43.99 
45.47 
46.75 
47.84 
49.54 
52.23 
53.59 
54.24 
54.49 
54.48 
54.31 
54.01 
53.26 
52.39 
51.44 
50.49 
49.54 
48.60 
47.69 
46.82 
45.96 
45.13 
44,32 
42.82 
41.42 


7.09 
15.92 
23.18 
28.97 
33.55 
40.11 
44.45 
46.05 
47.38 
48.50 
49.43 
50.86 
52.91 
53.77 
54.00 
53.89 
53.58 
53.12 
52.60 
51.46 
50.26 
49.06 
47.89 
46.75 
45.66 
44.62 
43.62 
42.68 
41.77 
40.90 
39.29 
37.83 


5.86 
13.07 
19.12 
24.08 
28.13 
34.24 
38.50 
40.14 
41.53 
42.74 
43.76 
45.38 
47.91 
49.16 
49.74 
49.92 
49.84 
49.60 
49.23 
48.40 
47.41 
46.38 
45.37 
44.36 
43.38 
42.43 
41.52 
40.65 
39.81 
39.00 
37.49 
36.13 


7.40 
16.56 
24.06 
29.94 
34.56 
41.07 
45.27 
46.79 
48.05 
49.10 
49.97 
51.28 
53.08 
53.70 
53.76 
53.50 
53.06 
Sz.91 
51.88 
50.60 
49.26 
47.97 
46.73 
45.53 
44.38 
43.30 
42.27 
41.29 
40.36 
39.47 
37.84 
36.37 


14.84 
21.72 
27.30 
31.80 
38.43 
42.94 
44.65 
46.09 
47.31 
48.36 
50.00 
52.49 
53.70 
54.22 
54.36 
54.25 
54.00 
53.63 
52.76 
51.78 
50.76 
49.74 
48.73 
47.74 
46.79 
45.87 
44.99 
44.13 
43.30 
41.76 
40.34 
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* The values of A’ indicated to within +0.01 in the column headings have been used as 42.887, 45.383, 47. 652, 50.035, 51.440, 47.544, 49.921, 52.417 
55.038, 57.790, 54.460, 57.183, 60.042, 61.948. The values of A’/a’ are given in terms of , =2.3826, w=1 05. 

** The Ko at E=0.8, 2.0 Mev have been obtained by means of the function f starting with directly computed Ko at E =0.6, 1.0 Mev, and E =1.8, 
2.2 Mev, respectively. 


smaller errors in Y,, Y»2 than the error tolerance 
for Ko. 

The cumulative effects of omitted terms in the 
interpolation formulas for the step by step numeri- 
cal integrations have been estimated and found to 
be sufficiently small. In addition to the above tests 
calculations of much higher accuracy have been 
made in a few cases for comparison with the routine 
type of numerical integration. For the Gauss 
potential these tests were made for a’=21.59, 
A’=51.44 at E=20 and 40 Mev. For the meson 
potential similar tests were made at the same 
energies for C’ = 63, a’=0.5. The Coulomb function 
F for 36 Mev was checked on by a similar method, 
outlined below, with an interval of 0.1 for p. A 
comparison with the value as calculated by the 
semiconvergent series was satisfactory within the 
accuracy claimed for that method. The specially 
accurate calculations have been made following the 
plan developed by D. R. Hartree. For a differential 
equation of type 


(1.7) 
(1.71) 


“one expresses 


in terms of a known function u% which is picked 
so as to be an approximation to u and to satisfy a 
differential equation 

Oouy =0 


in which Op is such that 
O-—Oo=0; (1.73) 


is not too large. Then one can obtain a high accu- 
racy for u by integrating numerically the differ- 
ential equation 


(1.72) 


Ou, +O \u)=0 (1.74) 


for the smaller quantity u;. In the present applica- 
tion the region O<r< 3e?/mc? was subdivided into 
two or more intervals. In the first interval, corre- 
sponding to the smallest 7, the solution was obtained 
by means of a power series for u. The second 
interval of r was treated by arranging for u to be a 
sine curve of suitable wave-length to make 0; 
reasonably small. The function wu» and its first 
derivatives were joined smoothly to the solution in 
the first interval. The function u; was then deter- 
mined by numerical integration by means of Eq. 
(1.74). Both u, and its first derivative were made 
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to vanish at the boundary adjoining the first 
interval. 

The boundary between the two intervals was at 
xy=1.8 and xqg=1.4 for the meson and Gauss 
potentials, respectively. For the check on the 
Coulomb function the boundary was at p=0.7625. 
These tests indicated a higher accuracy than that 
claimed for the results. An additional check was 
made through the function f. This check will be 
described in a later section. 

In Table I values of the phase shift Ko in degrees 
are tabulated against the energy E in Mev for 
various values of the meson potential parameters. 
The unit of length for the range a is e?/mc?, the 
unit of energy for the well depth is mc*. The 
quantity C’a” gives the product of depth times 
square of range in these units. This parameter is 
often more convenient for interpolation than the 
depth C’. The phase shifts in this table as well as 
those in the analogous Table III for the Gauss 
error potential have an intended accuracy of about 
0.03° in the sense of maximum deviation from 
correct value. The accuracy is occasionally better 
than that and especially so regarding the consis- 
tency of neighboring values. The above statements 
concerning accuracy do not take into account 
possible revisions in the numerical values of funda- 
mental physical constants. The potential was sup- 
posed to extend only to r.=3 in calculations for 
Table I. Corrections for the tail effect which is the 


‘effect of the tail of the potential energy curve in 


the region r.>3 are listed separately in Table II. 
The reason for this arrangement of the material is 
that some of the values in the literature have been 
calculated neglecting the tail beyond r,=3. There 
is besides an advantage in making a comparison 
with the f function if one cuts off the potential at 
a reasonable distance. Most of the numbers in 
Table I have been obtained by direct calculation. 
The values indicated by ** have been calculated 
indirectly by interpolation employing the function 
f. The C’a’ in some of the column headings are 
approximate only as indicated in the first footnote 
to Table I. There are on hand additional values of 
Ky for triplets of values (@’, C’, C’a’?)=(0.5, 57, 
14.25), (0.5, 69, 17.25), (0.55, 49, 14.8225), (0.55, 
55, 16.6375), (0.6, 41, 14.76), (0.6, 44, 15.84), 
(0.6, 47, 16.92) which will be supplied on demand 
to those wishing to improve the quality of interpo- 
lation obtainable from Table I. 

Table I is suitable for two- or three-way interpo- 
lation. Interpolation against E when carried out by 
standard second difference formulas is good to 
better than 0.02° from 0.2 to 1 Mev, 0.05° from 1 
to 4 Mev, 0.03° from 4 to 10 Mev, 0.01° from 10 
to 40 Mev. Above 14 Mev linear interpolation is 
good to better than 0.02°, an inaccuracy smaller 
than the intended error tolerance of the tables. 
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Parabolic interpolation against C’ gives errors 
<0.03° from 0.2 to 3 Mev and <0.01° from 3 to 
40 Mev. 

Interpolation against a’ may be made by first 
obtaining values of Ko employing interpolation 
against C’a” keeping a’ constant for the particular 
value of C’a” required. This is done for a triplet 
of values of a’ nearest to the required value. 
Parabolic or linear interpolation is then used on 
these derived values. Parabolic interpolation for 
C’a’*=15.80 gives an accuracy of 0.01° and for 
C’a’? in the region 14.80 to 16.80 it gives an accuracy 
of 0.02°. Linear interpolation is good to 0.03° over 
the same region. 7 

In Table II the values of the tail effect correction 
are listed for the more important cases. In this 
Table the region for E>14 Mev has been omitted. 
The tail effect has been studied in this energy 
region for the first 7 pairs of well parameters in the 
table which are entered in the block starting with 
the second and ending with the eighth columns. In 
all of these cases the tail effect does not exceed 
0.02°. It reaches this value between 12-18 Mev for 
a’=0.45, C’=72, 75, 78; a’=0.42, C’=81.648 and 
also for the region 8-10 Mev for a’=0.45, C’=81, 
84. In many cases the effect is <0.01° and in some 
<0.005°. These values can be furnished through | 
correspondence if desired. The accuracy of the tail 
effect calculations for the last 5 columns of Table 
II is not claimed to be better than +0.02°. For 
the preceding columns which correspond to a’ =0.4 
to 0.45 the accuracy is believed to be +0.01°. 

In Table III the values of Ky in degrees for the 
Gauss error potential are listed in a manner similar 
to that of Table I. The quantities A’, a’ are the 
usual A, a@ expressed in units mc?, h/(Mmc?)! for 
energy and length, respectively. Attention should 
be called to the first footnote to Table III which 
explains the notation used in listing the A’/a’. 
These have been arranged in a geometric progres- 
sion and the values of A’ have been chosen so as to 
correspond to the preassigned values of A’/a’. The 
latter quantity is the depth times the square of 
range parameter and corresponds to C’a” of the 
meson case. As in Table I the Ko at E=0.8 and 
2 Mev have been obtained by interpolation making 
use of the function f. In addition to the numbers 
listed in the table there are available values of Ko 
at the energies listed in Table III for A’/a’=1/w* 
and aw? with a’=30, 24, 20; for A’a’=2/w and 
aw with a’=30, 26, 18, 16; for A’/a’=% with 
a’ = 30, 16. The results can be furnished to those 
needing them for improving the quality of interpo- 
lation obtainable by means of Table III. The 
methods employed for checking were essentially 
the same as for Table I. In addition a good check 
was furnished by joining the external and internal 
wave functions at r,=2.5 and estimating the 
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practically negligible effect of the potential in the 
region 2.5<r,<3. The potential tail for r.>3 had 
a negligible effect and a table analogous to Table II 
did not prove necessary. The interpolations which 
led to values of the logarithmic derivative of the 
internal function were made linearly rather than 
parabolically for § and §’. In this respect the Gauss 
error calculations are less accurate than those for 
the meson potential. No definite inaccuracy ex- 
ceeding the intended tolerance of 0.03° has been 
detected, however. 

For energy the interpolation properties of Table 
III are the same as those of Table I. Parabolic 
interpolation (i.e., interpolation by 2nd difference 
formulas) against A/a for fixed a introduces errors 
<0.01° for fixed @ in the region 2.5 Mev<E<40 
Mev. A uniform scale in log(A’/a’) makes it 
possible to use convenient interpolation formulas. 
Parabolic interpolation against A’/a’ for a’=22 
gives errors of ~0.06° from 0.2 to 1 Mev, 0.02° at 
1.4 Mev, 0.01° at 1.8 Mev, and negligible errors 
otherwise. Linear interpolation against A’/a’ intro- 
duces errors of 0.1° at 3 Mev, 0.05° at 5 Mev, 0.02° 
at 10 Mev and 0.01° at E>20 Mev. 

Interpolation against a is even more satisfactory. 
From 0.2 Mev to 7 Mev the error introduced by 
linear interpolation does not exceed 0.01° and it 
reaches 0.02° at 10 Mev. At 20 and 40 Mev linear 
interpolation against a is accurate to ~0.02°. 
Parabolic interpolation is good to 0.01° or better 
throughout the whole range of values. 

The employment of second difference formulas 
(parabolic interpolation) can be avoided by drawing 
a good set of graphs for either of the two Tables 
I, III. 


III. PROPERTIES OF f 


The function f of Eq. (7.6) of BCP! should vary 
approximately linearly with E as follows from that 
equation. For a vanishing range of force the values 
of the phase shift satisfy the equation 


f=f, (2) 


where the right side is energy independent. This 
relation has been used in a transformed form as 
Eq. (7.9) by BCP in connection with some of the 
graphs in that paper. The approximate linearity of 
f with energy at the lower energies is a consequence 
of Eq. (7.6) of BCP. The constancy of f for zero 
range has been used by Landau and Smorodinsky? 
with the result that experiment could not be 
satisfied as has been previously known and a linear 
relation was postulated instead. This matter was 
further investigated by Blatt and Jackson® who 
following the variational method for phase shifts 

°J. M. Blatt and J. D. Jackson, private communication. 


joo was received when the present work was nearly com- 
pleted. 


HATCHER, ARFKEN, AND BREIT 


in Schwinger’s® form have given another justifica- 
tion for the approximate linearity of f. The same 
question has been independently studied by Breit 
and Bouricius.? The present work has received 
some stimulus through informal reports of the 
successes of Schwinger and of Blatt and Jackson 
in the employment of the variational method. It 
follows from any of these considerations that the 
function f, being very linear at low energies, should 
be useful in comparing the values of Ko and espe- 
cially so at the lower energies. It is also useful to 
employ an expansion of f in E as a check on the 
calculations. It is understood that the equivalent 
of the formulas for the coefficients in the expansion 
has been discussed by Schwinger in his Harvard 
lectures. The formulas are related to those for 
vanishing Coulomb potential in a manuscript by 
Blatt and Jackson® on neutron-proton scattering. 
These have been derived by Bethe’ without the 
use of the variational method and independently in 
connection with the present paper.* The value of f 
for zero energy is found in G. Breit and W. G. 
Bouricius.? From the latter one has 


Ko— (2/x)KiYo 
In—(2/x)IhYo 


4y—2, (2.1) 





Srno=4 


which is obtained by an easy transformation from 
the unnumbered formula between their Eqs. (8.58), 
(8.6) and is equivalent to their Eq. (8.6). The 
functions J,, K, are used here in the same notation 
as in Whittaker and Watson’s book on modern 
analysis. One also has® 


[of/d(E/mc?) |z-0= f (uo?—u*)dr,, (2.2) 


where up is the solution of the radial equation for 
F or G at E=0 for a purely Coulombian potential. 
Here 


uo = —x[Ki(x) +-(y—4) 11x) ]+-aDi(e) frno/4 (2.3) 


in the same notation as in the paper by Breit and 
Bouricius. 

The function u» plays the part of a comparison 
function for vanishing range of force arranged to 


6 Julian Schwinger, Phys. Rev. 72, 742 (1947); J. M. Blatt, 
Phys. Rev. 74, 92 (1948). ‘ 

7H. A. Bethe, preliminary report at ONR conference on 
classical nuclear physics at the University of Chicago, Decem- 
ber 1948. The exact form for proton-proton scattering was not 
stated by Bethe. 

8 While the exact form of Eq. (2.2) in the text has been 
derived only in connection with the present paper it should be 
stated that it is not essentially different from other relations 
following from Eqs. (9), (9.1) of BTE. The methods employed 
for interchecking calculations for different potentials in BTE 
— relations differing only superficially from the relations 
of Blatt and Jackson and of Bethe. By the method outlined 
in BTE it is only a matter of patience to work out the coef- 
ficient of any power of E in f. 
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give the desired value of f at E=0. The function 


E=0. The function u is normalized so as to be 
asymptotic to % at r= 0. The checks by means of 
Eqs. (2.1), (2.2) were made for potentials termi- 
nating at r,=3. The normalization was, therefore, 
such as to make u=%p at that value of r,.. The 
difference between the values obtained from Eq. 
(2.2) and the value derived by fitting the computed 
phase shifts was in all cases smaller than amounts 
which would be accounted for by computational 
uncertainties in the Ko. 

In the meson case checks were made at C’=99, 
a’=0.4 and at C’=63, a’=0.5. For the Gauss 
error potential a check was made at a’=22, A’/a’ 
= 2.3826. Checks on the value of f at E=0 were 
made by means of Eq. (2.1) and were also satis- 
factory. 

In the meson case three checks were made at 
C'’=99, a’ =0.4; C’ = 63, a’ =0.5 and C’ = 44, a’ =0.6, 
the percentage difference in all cases being less 
then 0.1 percent. Similar results were obtained 
from a series of checks for the Gauss error potential 
at A’/a’ =2.2692, a’=18, 22, 26; A’/a’ =2.3826, 
a’ =18, 22, 24, 26; and A’/a’=2.5017, a’ =18, 22, 
26. 

The computed values of Ko have been used to 
ascertain the coefficients in the expansion of f in 
powers of £ in the form 


fa=fO+fME+ fOH+---, (2.4) 


Only the first three coefficients have been calcu- 
lated. In some of the calculations the procedure 
was equivalent to making a parabolic fit to judici- 
ously chosen sets of three points. If comparison of 
results indicated that the values were not suffici- 
ently consistent with those for neighboring pairs of 
potential well parameters improved calculations 
were made by making a least square fit to the 
available values of f from 0.2 to 10 Mev by a 
quadratic in E. The point of view in this work was 
that it might be more important to have a practi- 
cally adequate representation of K, than to have 
a mathematically correct set of coefficients. Since 
the checks by means of Eqs. (2.1), (2.2) were 
satisfactory, it is believed that the coefficients are 
nearly correct in a mathematical sense as well and 
that the higher powers of E have not distorted the 
values too strongly. On obtaining the values of 
f, f@, f@ their behaviour with well parameters 
was studied. The following striking facts were 
noticed : 

(1) Plots of f, f™ against (C’a’?)-? for fixed 
a’ are nearly straight lines. For f these lines 
intersect in a point which is nearly the same for 
any pair of lines. The intersection is at (C’a’*)-! 
= 0.2342. At this point the extrapolated value of f 
at E=0 is independent of the range parameter a’. 


u is the solution of the radial equation for § at* 


Such a condition can be expected on the following 
basis. Neglecting the effect of the Coulomb po- 
tential, i.e., considering the colliding particles as 
though they were a proton and a neutron, there is 
a resonance condition at zero energy for a value of 
C’a’. This condition corresponds to a vanishing 
slope of § at r= ©. Calculations of Hoisington and 
Share in connection with HSB? have indicated 
that this condition obtained for 


a5 /dx?+' (e-*/x)§ =0, 
a’ =1.68---. 


The value of C’a” corresponding to this 2’ is 
2’/q=17.2 while the value of C’a’? as determined 
from the intersection is 18.2. The difference of 0.9 
is of the order which would be expected for the 
Coulomb effect since for a square well the effective 
depths with and without Coulomb potential are in 
the approximate ratio (10.5+0.83)/10.5=1.079 
which would put the estimated value of C’a” at 
18.4. Since the Coulomb effect cannot be expected 
to change effective depths in a manner independent 
of well shape, the above agreement is doubtless the 
correct one although not the complete explanation 
of this very good approximation. For the Gauss 
error potential the situation is similar. The resonant 
condition for uncharged particles corresponds to 
A’/a' = 2.684 in accordance with unpublished calcu- 
lations made in connection with the paper by 
BTE. The lines representing f as a function of 
(a’/A’)* are nearly straight and intersect at ap- 
proximately (a’/A’)!=0.590 corresponding to A’/a’ 
=2.88 while the Coulomb correction made by 
analogy with the square well gives 1.079X 2.684 
= 2.90. 

(2) Tables and graphs of Ko for the Gauss error 
potential indicate that for fixed A/a the values of 
Ko are nearly independent of a at an energy of 
~5 Mev. This is to be expected because the 
scattering properties of the square and Gauss error 
potential wells are very similar. The resonant depth 
of a square well for b,=1 is 5.233 X2.4674=12.91 
Mev which may be compared with the approximate 
depth of 10.5 Mev which fits experiment for this 0.. 
The difference in these depths is 2.4 Mev for a 
kinetic energy of 2X2.4 Mev=5 Mev. The kinetic 
energy inside the potential well has such a value 
that the wave function could be joined to a cosine 
curve if the wave-length outside the well were 
infinite. If this were the case then Ky would depend 
only on the product of depth times square of range 
for the square well. These conditions are not 
satisfied closely because the parameter p is ~0.69 
and the square well width measured in wave-lengths 
is ~0.11 and the argument is only a qualitative 
one. The curves do not exactly intersect at a point 
but are tangent to an envelope which extends 


(2.5) 


where 
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through ~2 Mev centered at an energy between 4 
and 8 Mev depending on the value of A/a. As a 
consequence the interpolation of Ko against a is 
very good in the vicinity of this energy. The value 
of A/a is supposed to be kept fixed in this interpo- 
lation. 

For the meson potential the condition is similar, 
the center of the envelope falling in the region from 
~1 Mev to ~6 Mev. 

The results of fitting the values of f can be 
summarized by the following formulas for the 
meson case: 


f =ayo+ayil.(C’)—*/a’ — 0.25147], (3) 
where 
ayo = 7.8240 —11.0754(a’ — 0.42) 
+16.747(a’—0.42)?, (3.1) 
ay1= 274.329 — 665.992(a’ — 0.42) 
+1108.69(a’—0.42)?, (3.2) 


The method of obtaining this representation was to 
fit each curve of f against (C’)-#/a’ by least 
squares making use of Eq. (3) and then to fit the 
five values of ayo and ay: thus obtained to a 
parabola given by Eqs. (3.1) and (3.2). Checks 
made on all the points used in the fits indicated 
an accuracy of 0.1 percent. A similar procedure 
was followed in obtaining representations for f® /a’ 
and f®/a’?. Both of these quantities were found 
to vary nearly linearly with (C’)—*/a’. The accuracy 
is believed to be 0.1 percent for f™/a’ and 0.3 
percent for f®/a’” 


f™/a’ =Byot+Byi{ (C’)-*/a’ — 0.25147}, (3.3) 
where 
Byo = 2.2577 —0.4655(a’ — 0.42) 
—0.718(a’—0.42)?, (3.4) 
By1=21.91 —11.68(a’ —0.42) 
—18.2(a’—0.42)?. (3.5) ° 
f/a" =yyotvvi{(C’)-*/a’ —0.25147}, (3.6) 
where 
vro= — 0.03058+0.00864(a’ — 0.42) 
+0.0678(a’—0.42)?, (3.7) 
vyi= —0.3001+0.624(a’—0.42) 
+0.243(a’—0.42)2. (3.8) 


Identification of notation will be aided by a few 
samples of triplets of values of (f, f®, f@). For 
the meson potential they are (6.920, 0.8719, 
—0.00472) if a’=0.40, C’=102; (6.342, 0.9652, 
— 0.00587) if a’=0.45, C’=81. For the Gauss error 
potential these quantities have the values (8.743, 
1.0597, 0.00485) if a’=20, A’/a’=2.2692; (7.918, 
0.9419, 0.00354) if a’ =24, A’/a’ =2.3826. In calcu- 
lating Ko from f one needs C,?/y and go/n. Formulas 


HATCHER, ARFKEN, 


AND BREIT 


for these quantities are found in BCP and occur in 


“more convenient form in Breit and Bouricius? as 


Eqs. (2.1), (2.3). The real part of the expression 
involving the gamma-function in these formulas 
and values of Cy have been tabulated in good detail 
by the New York Computation Laboratory of the 
National Bureau of Standards. 

In the case of the Gauss error potential the 
values of f, f, and f obtained by least squares 
fits may be represented as follows: 


f =agot+aer{ (a’/A’)*— 0.64788} 
+age{(a’/A’)1—0.64788}?, (4) 


where 
ago = 7.686+0.1194(a’ — 22) 


—0.00178(a’—22)?, (4.1) 

agi = 85.06+2.105(a’ — 22) 
—0.0256(a’—22)2, (4.2) 
ag2> 59. (4.3) 


For the values of the parameters a’=18 to 26 and 
A’/a' =2.2692 to 2.5017 these equations give values 
of f accurate to 0.05 percent. 


fMa’t=BeotBar{ (a’/A’)*—0.64788}, (4.4) 
where 
Bao = 4.6076+ 0.00377 (a’ — 22) 
—0.000217(a’—22)?, (4.41) 
Bei = 8.7833. (4.42) 


The accuracy of this representation over the range 
of parameters mentioned in connection with Eq. 
(4) is 0.1 percent. ; 


fa! =ya0tva1{ (a’/A’)'—0.64788}, (4.5) 
where 
veo = 0.0869 — 0.00103 (a’ — 22) 
+0.0000475(a’—22)?, (4.51) 
Yo1= 0.4817. (4.52) 


These formulas give values of f® to within 
+0.00012 of the “least squares” values. 

By means of the above expressions and Eq. (2.4) 
f may be determined over the tabulated range of 
a’ and A’/a’ up to about E=10 Mev to within 
0.05 percent. 

By means of the procedure described by Breit 
and Bouricius? in connection with their Eq. (8.61) 
the equivalent square well radius b, for zero energy 
has been determined for typical combinations of 
parameters for the two potentials. The following 
two equations give an approximate representation 
of the results: 


b./a’ = 2.318 —0.23(a’ — 0.42) 


—0.088[C’a’?—15.814], (4.6) 
b.(a’)#=4.75 —0.0058(a’ — 22) 
—0.211[(A’/a") — 2.3826]. (4.7) 
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The equivalent square well range is here expressed 
in units e?/mc?. The accuracy of the representations 
is about 0.2 percent. The equivalent square well 
depth for zero energy is obtainable by solving for 
Y, either Eq. (2.1) of the present paper or Eq. (8.6) 
of Breit and Bouricius. Replacing x: by Yo in Eq. 
(8.6') of BTE one finds Dé,? in the form of a 
rapidly converging series. The series starts as 
5.233(2.4674—2Y,---). For the Gauss. error well 
with a’=21.59, A’=51.44 the value of Db,? is 
10.47(2) with Mev as the unit of D. A 10 percent 
change in range produces approximately a 2 percent 
change in Db,*. For fixed range the quantity Db? 
changes nearly in the same ratio as A’/a’. The 
behavior with corresponding quantities for the 
Yukawa potential is similar, 


IV. ON THE EQUIVALENCE OF POTENTIALS 


Two kinds of potential energy curves may be 
said to be equivalent if they give the same value of 
Ky, at two energies Ex, Ey. This definition of equiva- 
lence contains an explicit reference to two energies. 
If the f curves were exactly straight the reference 
to the two energies would be irrelevant since all 
pairs of values would lead to the same answer. 
One could then speak of an absolute equivalence. 
It is well known that in an energy region of several 
Mev there is no striking difference between the 
shapes of the (Ko, £) curves which are obtained for 
different plausible potentials. This followed from 
Eqs. (10.3) of BCP was verified by direct compu- 
tation and further developed by HSB? and BBH?. 
It was also found in the work referred to that, for 
the potentials tried, there exist differences in values 
of Ko at energies other than E; and En which are 
not beyond possible detection by improved experi- 
ments. It becomes necessary to explain the con- 
nection of this situation with the nearly linear 
nature of the (f, Z) curves. The two views are not 
contradictory if one takes into account the quad- 
ratic terms in E. For two potentials such as the 
Yukawa and the square well, designated in the 
formulas by subscripts Y and S respectively and 
fitted to each other at energies E;, En one has 


fr = f+ (fy — fs) Ey En, 
fr =fs+(fs —fr™)(Ei+En), 


(5) 


and 


(fy —fs)e—(2)= (fs —fr™) (En —Ex)?/4, (5.2) 


where 
(E)=(E1+En)/2. (5.3) 


A proper change of subscripts makes the formulas 
applicable to any pair of potential energy types. 


(5.1) 












































1397 


For the Yukawa and square well potentials approx- 
imate values are fy® = —0.0054, fs =0.0061. It 
will be noted that these values have opposite signs 
so that the effect becomes magnified. As an example 
it will be supposed that the two types of potential 
have been fitted to experimental data at 1 and 
2.2 Mev. The value of fy—fs™ is then approxi- 
mately 0.037. Since within a few percent each of 
the f™ is equal to 1 these fits will disagree with 
each other at low energies by ~3.7 percent in the 
effective ranges. More explicitly this disagreement 
appears as follows. For a’=0.42, C’ =89.65, values 
which correspond to an approximate fit to experi- 
ment by HSB, the equivalent square well range at 
zero energy is 0.975 in units e?/mc?, This means 
that a square well of proper depth with the above 
range reproduces the slope of the (f, Z) curve for 
the Yukawa potential at zero energy. The above 
estimate shows that the square well which repro- 
duces the meson phase shifts at 1 and 2.2 Mev has 
a smaller slope than the Yukawa well and that its 
range is approximately 0.938 or 2.64X10-" cm. 
This is in agreement with the fact that in fitting 
experimental material HSB paid more attention to 
the data of HKPP than to that of HHT while 
BTE have worked with the two sets of data on an 
approximately equal footing. According to Breit 
and Bouricius the fit to the combined Wisconsin 
and Minnesota material indicates a square well 
range of approximately the above amount. 

It should be mentioned that the change caused 
in f by a readjustment of the fit in the above 
example is of the order 0.0025 and produces a 
negligible effect on the equivalent square well range 
b.. The quantities f® are proportional to the square 
of the range. In the above example a 7 percent 
change in f® is immaterial but for a more accurate 
fit it would have to be taken into account. 

In BTE a fit of the then available experimental 
data was made by the Gauss error potential with 
a’ =21.59, A’=51.44. The value of the phase shift 
at 0.67 Mev was fitted together with values at 
about 2 Mev. The range of this potential should 
be, therefore, somewhat too long even in comparison 
with the square well range },=1. The equivalent 
square well range for zero energy is in this case 
1.022. The value of f® for the Gauss error potential 
is ~0.0037. By means of Eq. (5.1) a square well 
agreeing with the Gauss error potential at two 
energies is found to have an f smaller than that 
of the Gauss potential by ~0.0024(Zi+£n). For 
E;~0.7, En~2 Mev the correction to f™ of the 
square well becomes — 0.007 bringing the equivalent 
square well range down to 1.015 according to 
expectation. Small changes in a value of the range 
parameter correspond to nearly the same fractional 
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changes in the value of the equivalent square well 
range. 
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The threshold for the production of neutrons from the bombardment of C” by deuterons was found 
to occur at a bombarding energy of 328 kev. The Q value of the reaction calculated from this threshold 
is —0.281+0.003 Mev. From this Q value and other disintegration energies, the calculated mass 
difference between the neutron and proton (n—H) is 0.77 Mev. 


INTRODUCTION 


HEN carbon is bombarded by deuterons, 
neutrons and radioactive N"™ are formed 
according to the following reactions: 


C¥+H*>N¥+n2+Q1, (1) 
N¥+C¥+e+ +. (2) 


The value of Q; has been reported by Bonner and 
Brubaker,! Cockcroft and Lewis,? and by Bennett 


and Richards.* The experimental values of Q: vary - 


from —0.25 to —0.28 Mev. Several determinations 
of the maximum energy of the positrons from N® 
have been made.‘ Probably the most accurate 
determinations® of this energy are those of Lyman 
who obtained an end-point energy of 1.198+0.006 
Mev, and Siegbahn and Slatis who found an end- 
point energy of 1.24+0.02 Mev. 

A precise determination of the value of Q; from 
the threshold energy of the reaction is important 
so that the mass difference between the neutron 
and proton (n—H) may be calculated by combining 
the values of Q:, Qe, and the energy release Q3, in 
the following reaction: 


C2H?>C3+4HI4+(,, (3) 


* Now at Los Alamos Scientific Laboratory, Los Alamos, 
New Mexico. 

** Clinton National Laboratory, Oak Ridge, Tennessee. 

1T. W. Bonner, and W. M. Brubaker, Phys. Rev. 50, 309 
(1936); T. W. Bonner, Phys. Rev. 53, 496 (1938). 

2 J. D. Cockcroft and W. B. Lewis, Proc. Roy. Soc. A154, 
261 (1936). 
(1947) E. Bennett and H. T. Richards, Phys. Rev. 71, 565 

‘W. A. Fowler, L. A. Delsasso, and C. C. Lauritsen, Phys. 
Rev. 49, 561 (1936); C. S. Cook, L. M. Langer, H. C. Price, 
and M. B. Sampson, Phys. Rev. 74, 502 (1948). 

5E. M. Lyman, Phys. Rev. 55, 1123 (1939); K. Siegbahn 
and H. Slatis, Arkiv. f. Mat. Astr, O. Fys. 32A, No. 9 (1945), 


If the mass difference (n—H) is accurately obtained 
by other methods, then the rest mass of the neu- 
trino may be obtained from precise values of Q,, 
Q2, and Q3. The absolute yield of neutrons near the 
threshold is of interest since this reaction can be 
used as a source of monoenergetic neutrons to sup- 
plement the reactions Li(p,m) Be’ and H?(d,n) He’. To 
get the number of neutrons per incident deuteron, 
positrons from N'* were counted, since there are 
an equal number of neutrons and N* atoms formed. 
This method of counting the neutrons indirectly 
has the advantage that Geiger counters have 
nearly 100 percent efficiencies for the positrons and 
also the positrons are emitted with spherical sym- 
metry in contrast to the neutrons which are asym- 
metrical about the direction of the deuteron beam. 


APPARATUS 


The Rice Institute Van de Graaff generator was 
used as a source of deuterons. The slit width of the 
magnetic analyzer was adjusted so that deuterons J 
with an energy spread of 1 kev could pass through 
the slits and strike the carbon target. This opening 
of the slits was three times as large as previously 
described ;* this arrangement was used in order to 
get nearly all the deuteron beam through the slit. 
However, from visual observation of the fluo- 
rescence of the deuteron beam striking a Pyrex 
plate, it was estimated that more than 90 percent 
of the deuterons which hit the target were within 
an energy interval of 300 volts at the threshold 
energy. 


6 W. E. Bennett, T. W. Bonner, C. E. Mandeville, and 
B. E. Watt, Phys. Rev. 70, 882 (1946); T. W. Bonner and J. E. 
Evans, Phys. Rev. 73, 666 (1948), 









































































The carbon target was made by evaporation of 
ceresin wax onto a silver disk, 0.0045 inch in 
thickness. Since the target had been used in a 
previous experiment, the thickness of the target 
was determined at the end of this experiment by 
comparing the relative number of gamma-rays 
obtained under deuteron bombardment with a 
newly evaporated target, which was weighed on a 
microbalance. The calculated weight of the ceresin 
target was 45 micrograms per cm?. Its original 
weight at the time of evaporation about six months 
earlier was 56 micrograms per cm?. 

A thin-walled Geiger counter, 60 mm long and 
18 mm in diameter with a wall thickness of 0.15 
mm of glass, was placed as close to the carbon 
target as possible. The counter was mounted inside 
a thin copper tube which had a window covered 
with an aluminum foil of thickness 0.0005 inch. 
The positrons had to pass through a total thickness 
of 0.163 g/cm? of material to go from the carbon 
target into the counter. About half of the positrons 
were transmitted through this amount of material. 
Lead absorbers 4 cm thick were placed around the 
counter in order to reduce the background. 


PROCEDURE - 


Bombardment of the target was carried out in 
the following manner. At the moment the beam was 
brought on the target, the electrical clock and 
current integrator were started. The target was 
bombarded for 1200 sec., that is, for two half-lives. 
The reading of the current integrator was taken 
every 100 seconds to see that the bombarding 
current remained reasonably constant throughout 
the run. After 1200 seconds, the voltage of the 
statitron was turned off, and the reading on the 
Geiger tube was recorded. A scale of 64 was used 
but readings were taken to the individual count by 
means of the interpolation lights. The number of 
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Fic. 1. Solid circles refer to yield of N'* versus the energy of 
the deuterons. Open circles give (yield of neutrons)! as a 
function of deuteron energy. 





ACCURATE DETERMINATION OF THRESHOLDS 


TABLE I. Relative yield of N™. 











Back- Relative 
ground, yield of 
including Saturation N}3 (above 
Magnet Energy residual activity 370-kev 
current of Number of activity per 5000 cross 
in deuterons counts in in 10 integrator section 
amperes in kev 10 minutes minutes counts in barns)* 
2.200 323 246 (May 31) 243 0.2 3.01077 
2.220 329 223 (May 28) 239 —0.9 
265 (May 31) 243 . = 
2.230 332 292 (May 28) 239 2.6 
339 (May 31) 243 SRE 
2.240 335 410 (May 28) 239 8.5 
435 (May 31) 243 o° _——_ 
2.250 338 554 (May 28) 242 14.3 % 
632 (May 31) 243 179  253xX10° 
2.260 341 699 (May 28) 244 21.1 a 
742 (May 31) 245 23.1 +47 x10" 
2.300 353 1020 (May 29) 289 63.2 
918 (May 29) 247 67.9 9.80 X10-5 
1008 (May 31) 260 60.7 . 
2.350 369 1912 (May 29) 271 113 - 
1903 (May 31) 263 112 1.78 X10" 
2.380 378 2521 (May 28) 255 145 
2507 (May 31) 263 142 2.26 X10-4 
2519 (June 1) 274 143 
2.410 387 3163 (June 1) 286 179 2.83 X10~4 
2.450 399 4073 (June 1) 293 231 3.64 X1074 
2.500 415 6283 (June 1) 320 346 5.45 X01~4 
2.550 432 8416 (June 1) 311 477 7.54 X1074 
2.800 520 36,800 (June 1) 356 2066 3.27 X1073 
3.100 636 46,700 (June 1) 453 6720 1.06 X10? 
4.280 1184 42,500 (June 1) 530 88,800 0.139 
43,700 (June 1) 650 87,800 ‘ 








* Since the target is 42 kev thick, the cross sections are the average value 
over this range of bombarding energy. Below 370 kev, disintegrations are 
only produced in the top part of the target, and hence the values given in 
the_table are considerably smaller than the true cross sections. 


counts over the half-life following bombardment 
were used to determine the relative numbers of N™* 
atoms which are formed. On some of the runs the 
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Fic. 2. Logarithm of the yield of N™ versus energy of deu- 
terons. The linear portion of the curve above 370 kev shows 


exponential increase with energy for a thin target. Below 370 
kev, the target is thick and the yield is not exponential. 
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number of counts in 100-sec. intervals were plotted 
to make certain that the effect being counted had 
a half-life of 10 minutes. Before going through the 
above procedure for a different current in the mag- 
netic analyzer, the activity was allowed to decay 
through at least five half-lives. Allowance was made 
for any activity remaining. 

Experiments were carried out in the region of the 
threshold and also at a bombarding voltage of 1188 
kev. Absolute cross sections were assigned to our 
excitation curve by making use of the accurate 
determination of the cross section for this reaction 
at higher energies as determined by Bonner, Evans, 
Harris, and Phillips.’ 

Upon completion of the experiment, the magnetic 
analyzer was calibrated by means of the two narrow 
resonances at 485 kev and 873.5 kev in the reaction 
F19(p,a)*O'®™, The precise energy of the higher 
resonance is that recently obtained by Herb.® In the 
case of the lower resonance 1.3 percent has been 
added to the older result of 479 kev, in view of the 
more recent results of Herb. A very thin target of 
ZnF? which weighed 2 micrograms per cm? was used 
in these experiments. The peak of the lower reso- 
nance was observed at a current of 1.902 amperes in 
the magnetic analyzer. The maximum of the higher 
resonance was obtained at 2.562 amperes. The 


threshold for the production of N™ was obtained at 
an intermediate value of 2.223 amperes, and so the 
voltage scale was probably known at the threshold 
to an accuracy of better than one percent. 


RESULTS 


Table I gives the relative yield of N™ obtained 
from the individual runs. The averaged values of 
the number of N* atoms formed as a function of 
bombarding energy are shown in Fig. 1. The yield 
of N*® is not a linear function of energy near the 
threshold. In the case of the similar reaction 
C(p,n)N", Stephens, Spruch, and Schiff find that 
the number of neutrons should vary as (E,—E,)! 
for a thick target. Consequently, in Fig. 1 we have 
plotted (yield of N'*)? as a function of the energy of 
the deuterons. The reSult appears linear with 


7 T. W. Bonner, J. E. Evans, J. C. Harris, and G. C. Phillips, 
Phys. Rev. 75, 1401 (1949). 
®R. G. Herb, private communication. 
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energy near the threshold, and an accurate value 
of the threshold (328 kev) is obtained. The Q value 
of the reaction is —6/7-0.328 = —0.281 Mev. The 
limit of error is estimated to be +3 kev, which cor. 
responds to an uncertainty in the absolute value of 
the bombarding voltage of one percent. Figure 2 
shows the variation of yield with deuteron energy 
on a logarithmic scale. Above 370 kev, the cross 
section increases exponentially with energy; below 
370 kev, the curve is no longer exponential. At 
bombarding energies less than 370 kev, the target 
is ‘“‘thick,’’ and above this value it becomes ‘‘thin.” 
A target thickness of 370—328=42 kev is indi- 
cated. From the mass of the carbon target its 
thickness was calculated to be about 45 kev at 
350-kev bombarding energy. 

The difference between the mass of the neutron 
and proton (m—H) neglecting the mass of the 
neutrino is equal to Q;—Q:1—Q:2 minus the mass of 
two electrons. The range of the protons from Eq. 
(3) has been determined by Cockcroft and Lewis,’ 
and a calculated value® of Q3 is 2.714+0.05 Mev. The 
computed energy difference (n—H) is 0.773 Mev 
from a value of Qi= —0.281 Mev, Q2=1.198 Mev, 
and Q3;=2.71 Mey. If the higher value of Q2=1.24 
Mev is used, the (xn—H) difference is 0.73 Mev 
which appears to be too low a value, particularly 
in view of the recent accurate value of (z—H) 
=0.804+0.009 Mev obtained by Bell and Elliott.” 
Stephens" has pointed out that values of Q3 of 
comparable accuracy can be obtained from mass 
spectrographic data. The combined data of Ewald" 
and Mattauch"™ yield a value of Q;=2.673 Mev. 
The resulting (7—H) difference is either 0.74 or 
0.69 Mev, depending on the values taken for Q2. 
These mass differences seem too low. The older 
mass spectrographic data of Bainbridge and Jordan’ 
give a value of Q;=2.76 Mev; this leads to values 
of (n—H) of either 0.82 or 0.78 Mev, depending on 
the value of Q2 which is used. 

This work was supported by the Research Cor- 
poration and by the joint program of the ONR and 
the AEC. 


193) S. Livingston and H. A. Bethe, Rev. Mod. Phys. 9, 245 
10 R. E. Bell and L. G. Elliott, Phys. Rev. 74, 1552 (1948). 
11 W. E. Stephens, Rev. Mod. Phys. 19, 19 (1947). 
2H, Ewald, Zeits. f. Naturforschgung 1, 131 (1946). 

13 J. Mattauch, Phys. Rev. 57, 1155 (1940). 
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The excitation curves for the production of gamma-rays and neutrons resulting from the bombard- 
ment of carbon by deuterons have been determined over the deuteron energies 0.7 to 1.9 Mev. A 
careful study of the very narrow gamma-ray resonance occurring at 1.435 Mev has shown that the 
half-width of the resonance is 5.5 kev and the cross section is 0.62 barn at resonance. Other gamma- 
ray resonances were observed at 0.91, 1.16, 1.30, and 1.73 Mev with cross sections, respectively, of 
0.29, 0.34, 0.39, and 0.97 barn. No resonance for the production of neutrons has been observed at, 
or near, 1.435 Mev. Resonances for the production of neutrons were observed at energies of 0.91, 
1.16, 1.30, 1.62, and 1.76 Mev with the total cross section at resonance, respectively, of 0.12, 0.14, 
0.19, 0.19 and 0.22 barn. The angular distributions of the neutrons have been studied; the distribu- 
tions are quite complex and vary radically with changes in the bombarding energy. At 1.26 Mev there 
are about five times as many neutrons at 160° as at 0° to the direction of the deuteron beam. 





INTRODUCTION 


ESONANCE yields occurring in the deuteron 
bombardment of carbon were first observed in 
1940 by Bennett and Bonner. In a series of experi- 
ments done at the Rice Institute’ and at the 
University of Minnesota®°® the excitation yields for 
the various disintegration products were deter- 
mined. The nuclear reactions occurring in C” and 
the energy released in each reaction are 


(1) «C#2+,H?->*N4—,C¥4H!+42.7 Mev,’ 
(2) 9C2+,H?>*N45,*C8+4H!—0.5 Mev,? 
(3) «C2+,H?*N4—,N¥-+ n!—0.281 Mev.® 


The gamma-rays emitted from the excited *C® of 
reaction (2) have been determined to have an 
energy of 3.11 Mev,® which is to be compared to a 
value of 3.2 expected from the measured values of 
the energy released in reactions (1) and (2). The 
energy of the gamma-ray involved in the very 
narrow resonance at 1.435 Mev was checked and 
found to be about 3 Mev,’ the same as for the other 
broader resonances. 

One of the objects of the present experiment was 
to obtain the natural width of the sharp resonance 
at 1.435 Mev. In the previous experiments the ob- 
served width of this resonance was 10 kev, but since 
this was the width expected from the spread in 
energy of the beam of deuterons, the data showed 
only that this level was narrower than 10 kev. With 

1W. E. Bennett and T. W. Bonner, Phys. Rev. 58, 183 
{roma Bonner, Hudspeth, and Bennett, Phys. Rev. 58, 185 
1940). 

2 Rogers, Hudspeth, Bonner, and Bennett, Phys. Rev. 58, 
186 (1940). 

3 Bennett, Bonner, Hudspeth, Richards, and Watt, Phys. 
Rev. 59, 781 (1941). 

(say) E. Bennett and H. T. Richards, Phys. Rev. 71, 565 

$ Bailey, Phillips, and Williams, Phys. Rev. 62, 80 (1940). 

6 Bailey, Freier, and Williams, Phys. Rev. 73, 274 (1948). 

7W. E. Stephens, Rev. Mod. Phys. 19, 19 (1947). 

8 Bonner, Evans, and Hill, Phys. Rev. 75, 1398 (1949). 


® Dougherty, Hornyak, Lauritsen, and Rasmussen, Phys. 
Rev. 74, 712 (1948). 


the improved resolution of our apparatus, the 
natural width could be obtained. 

Another object of these experiments was to find 
if neutrons from reaction (3) showed a resonance at 
1.435 Mev. The earlier experiments indicated no 
resonance, but a careful search for resonant effects 
is important since it is very difficult to understand 
theoretically why any level in the excited ;*N* 
nucleus, no matter what its parity arid angular 
momentum, cannot break up into N“ and a neutron. 

A study of the angular distribution of the 
neutrons of reaction (3) has been prompted by the 
somewhat different form of excitation curves ob- 
tained by measurements of the positron activities 
of N® (a measure of total neutron production over 
all angles) and curves obtained by direct detection 
of the neutrons emitted in a small solid angle from 
a carbon target. Similarly Bailey, Freier, and Wil- 
liams® have discovered a very marked difference _ 
between the excitation curves for the production of 
neutrons taken at 0° and 90° to the bombarding 
deuteron direction. 


APPARATUS 


The Rice Institute Van de Graaff generator was 
used to accelerate the deuterons. Regulation of the 
beam-analyzing electromagnet (supplied now by a 
bank of high capacity storage batteries instead ofa . 
generator as in previous descriptions’), in com- 
bination with a potential stabilizer used to modulate 
an electron beam to the central electrode, gave a © 
deuteron beam with an estimated resolution of 
0.01 percent, or less, of the operating voltage.’® A 
beam current integrating device, designed by B. E. 
Watt," gave a count on a mechanical register for 
each 0.0416 microcoulomb of deuteron charge 
collected at the target. 


10 Bennett, Bonner, Mandeville, and Watt, Phys. Rev. 70, 
882 (1946). ‘ 
1B. E. Watt, Rev. Sci. Inst. 17, 334 (1946). 
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“Fis. 1. Experimentally determined cross sections for the production of gamma-rays and N¥ as 
a function of the energy of the bombarding deuterons. The yield of neutrons at 0°+30° is not in 
terms of absolute cross section, but shows only relative shape of this yield function. 


Some of the carbon targets were prepared by 


heating small volumes of ceresin wax in a vacuum > 


and collecting a thin film of the wax on a polished 
silver disk. The target thickness in » g/cm? was 
determined by weighing the wax deposit on a micro- 
balance. These targets did not collect carbon or 
deuterium in quantities sufficient to be detected as 
an increase in gamma-rays or neutrons. However, 
ceresin wax targets when deposited on very thin 
silver foils and exposed to the deuteron beam in a 
vacuum were found to become thinner. More satis- 
factory targets of pure carbon were made by 
cracking benzene in an atmosphere of helium onto 
the surface of silver foils.” 

The counter used to determine the angular dis- 
tribution of the neutrons was a cylindrical propor- 
tional counter of 4.5-cm inner diameter and a 
sensitive length of 4.5-cm, with a one mil tungsten 
wire. The counter was filled with one atmosphere 
of hydrogen and two percent methane, and operated 
at 1920 volts with an Atomic Instrument Company 
type 204-B Linear Amplifier. 


2G. C. Phillips and J. Richardson (to be published). 


DETERMINATION OF THE EXCITATION CURVES 
The Gamma-Rays 


In order to study the gamma-rays that accom- 
pany the short range proton group of reaction (2), 
a. thin-walled, argon-filled Geiger counter was 
placed at about 8 cm from the center of the target 
and at about 90° to the direction of the deuteron 
beam. Large lead blocks were used to shield the 
counter from stray gamma-rays originating from 
carbon contamination along the beam path. In 
addition’, about an inch of lead was placed around 
the counter to absorb scattered x-rays coming from 
the high voltage electrode of the Van de Graaff 
generator and annihilation radiation coming from 
the N*. The counting rate for this arrangement of 
the Geiger counter became too great above 1.5 Mev. 
To keep the counting rate of the background radi- 
ation a small percentage of the total counting rate, 
a much smaller Geiger counter was used in prefer- 
ence to moving the original counter farther from 
the target. Background determinations were usually 
made by allowing the entire beam to fall just on the 
low energy side of the analyzing slit system, thus 
blocking the beam from the target, but giving essen- 
tially the same amount of radiation from carbon 
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contamination elsewhere along the beam path. 
Under these conditions this background counting 
rate was about 10 percent of the total rate for a 
very thin target that was only 3.0 uw g/cm? of 
ceresin. For the thicker targets, which were ordi- 
narily used, the background was correspondingly 
less. 

To determine accurately the cross section for the 
production of gamma-rays, a thick, pure graphite 
target was bombarded with deuterons of 1.30-Mev 
energy. Since the ‘“‘thin’”’ target relative yield of 
gamma-rays as a function of energy was known, 
the cross section for gamma-rays could be calcu- 
lated from the observed thick target yield by 
integrating the thin target curve from 0 to 1.30 
Mev. A small counter with a copper cathode was 
placed 17 cm from the target and surrounded by 
1.4 cm of lead. A counter efficiency of 1.65 percent 
was assumed for the 3.1-Mev gamma-rays.'* The 
transmission of the lead under identical geometrical 
conditions was determined experimentally by means 
of 2.62-Mev gamma-rays from mesothorium and 
found to be 48 percent. These data gave a cross 
section at 1.30 Mev of 0.39 barn. The gamma-ray 
data of Fig. 1 are all adjusted to this cross section. 
It is to be noted that.in Fig. 1 the narrow resonance 
at 1.435 Mev does not have its true cross section 
indicated since the target was much thicker than 
the true resonance width. 

The 1.435-Mev gamma-ray resonance has been 
observed in the present experiment with ceresin 
targets varying in thickness from 3 to 80 wu g/cm’, 
which correspond to the range of 1 to 27 kev for 
deuterons of 1.4 Mev. Just previous to one of these 
observations with a 6-kev target, the beam analyz- 
ing magnet was calibrated using the narrow gamma- 
ray resonances found in the bombardment of 
fluorine by protons for reference energies.’ The 
resonances at 0.669 and 0.8735 Mev were studied 
using the molecular beam, and so calibrations were 
obtained at 1.338 and 1.742 Mev. With this cali- 
bration the peak of the narrow resonance, which 
had previously been designated as the 1.43-Mev 
resonance,'® was found to occur at 1.435 Mev. 

The shape of the 1.435-Mev resonance was deter- 
mined with good resolution by using a 1-kev thick 
ceresin target and by changing the bombarding 
energy in 1-kev steps (see Fig. 2). The energy width 
measured midway between the dotted line of Fig. 2 
and the resonance peak was found to be 5.5 kev. 
This is thought to be nearly the natural width 
since the energy spread in the beam was less than 
1.4 kev and the target was very thin. The asym- 


18 Bradt, Gugelot, Huber, Medicus, Preiswerk, and Scherrer, 
Helv. Phys. Acta 19, 77 (1946). 

14 Bernet, Herb, and Parkinson, Phys. Rev. 54, 398 (1938); 
R. G. Herb (1948) private communication. 

% Harris, Bonner, Evans, and Phillips, Phys. Rev. 73, 
649 (1948). 
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metry observed on the sides of this resonance has 
been observed in all of the twelve separate examina- 
tions of the resonance made during this experiment. 
By using a 1-kev target, the ratio of yields at the 
peaks of the 1.30-Mev and the 1.435-Mev were 
carefully determined to be 1.58 so that the cross 
section at resonance peak for the 1.435-resonance is 
0.62 barn. 

The angular distribution of the gamma-rays was 
investigated at 1.73 Mev with the small Geiger 
counter. To do this it was necessary to rotate the 
counter about the target at a distance greater than 
had been used for the excitation curves. The back- 
ground count was ~10 percent of the true counts. 
No asymmetry was found greater than 10 percent, 
the background counting rate. 


The N' Positrons 


The total yield of neutrons integrated over all 
angles can be obtained by observing the positron 
activity of the residual N™ nucleus of reaction (3). 
To determine the relative number of positrons as a 
function of energy a quantity of N'™ was prepared 
by deuteron bombardment for a half-life (600 
seconds) of a thin ceresin target on a thick silver 
disk placed at 30° to the beam. Immediately after 
this bombardment the positron activity was ob- 
served through an aperture of 0.5-cm diameter at a 
distance of 6.7 cm from the target and at right 
angles to the beam. A thin-walled Geiger counter 

















Cross section for production of gamma-rays (barns) 
































1.42 1.43 1.44 1.45 


Energy of deuterons in Mev 


Fic. 2. Experimentally determined cross section in barns 
for the production of gamma-rays from a thin (1-kev) ceresin 
target at the narrow 1.435-Mev resonance. 
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TABLE I. Data pertaining to the neutron and gamma-ray 
resonances. 








Width at 


half-height Cross section at 


kev resonance peak 


Position of (gamma-ray in barns 
resonance and neutron Gamma- 
Mev resonances) ray 


0.91 200 0.29 
1.16 200 0.34 0.14 2. 
1.30 80 0.39 0.19 2. 
1.435 5.5 0.62 . a 
1.62 200 0.19 

1.73 200 0.97 9. 

1.76 200 0.22 1. 


Estimated relative 
intensity 


Gamma- 
Neutron ray 


0.12 2.5 


Neutrons 





1, 
1. 
ie 
0. 
1, 


5 
5 
5 < 
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and a scale of 64 units were used to detect and 
record the number of positrons passing through the 
aperture. These measurements could not be used 
to determine the cross section because of back- 
scattering of the positrons by the thick target 
backing, but the measurements gave relative 
yields. The cross section was determined by using a 
pure carbon target of 23.5 u g/cm? on a thin silver 
foil (7.75 mg/cm?). The target was placed normal 
to the deuteron beam and was bombarded for two 
half-lives (20 minutes). It was then quickly re- 
moved from the vacuum system, and placed over 
the axis of a bubble-window Geiger counter, of 
window thickness 3 mg/cm?. The only absorbing 
material in the path of the positrons (end-point 
energy 1.24 Mev)'* was from the few centimeters of 
air and the counter window, and so nearly 100 
percent of the positrons reached the sensitive region 
of the counter. The backscattering was negligible 
because of the thin target backing. Five independent 
measurements were taken at 1.30 Mev, with dif- 
ferent target-counter separations; cross sections 
calculated from these measurements agreed within 
10 percent. 

If dN/dt is the number of N® atoms decaying at 
the end of the bombardment of 20 minutes and n 
is the number of N™ formed per second during the 
bombardment, then 


n= —4/3(dN/dt). 


The experimental determination of dN/dt was 
obtained by plotting the logarithms of the number 
of Geiger counts obtained in 100-sec. intervals 
versus the time, for ten or so intervals after the 
cessation of bombardment. The times at which the 
points were plotted were 53 sec. from the beginning 
of each interval; i.e., the time at which the average 
number of positron counts over. an interval would 
be expected. A line with a slope corresponding to a 
10-minute half-life was drawn through the experi- 
mental points and extended back to the time bom- 


16 K, Siegbahn and H. Slatis, Arkiv. f. Mat. Astr. O. Fys. 
32A, No. 9 (1945). 
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bardment ceased, thus obtaining dN/dt at t=1200 
sec. 

The thickness of the pure carbon target on the 
silver foil was obtained by comparing the ratios 
of the gamma-rays from this target and the thick 
target previously mentioned. These data were 
taken at 1.30 Mev with several geometrical arrange- 
ments of the counter about the targets, and gave 
the same ratio of yield to within 10 percent. 

These measurements gave a cross section of 
0.192 barn at 1.30 Mev for the production of N*, 
The cross section for N® production as a function 
of deuteron energy is shown in Fig. 1. 

Table I gives the collected data pertaining to the 
neutron and gamma-ray resonances which were 
observed. 


The Neutrons 


The yields of neutrons at 0° (+30°) as shown in 
Fig. 1 were obtained using a proportional counter 
6 cm long and 1.6 cm in diameter filled with ethane 
at a pressure of 43 cm of Hg. The counter had a 
4-mil wire and was operated in the proportional 
region at 2200 volts. These data are relative yields 
and not absolute cross sections. 

The protons recoiling from the neutrons entering 
the counter were counted if their energy exceeded 
300 kev, a value set by means of a discriminator 
attached to the output of a 204-B linear amplifier 
and before the input of an Atomic Instrument 
Company scale of 64. Gamma-rays from reaction 
(2) were not observable at this bias. A discussion 
of this type of counter has been given by Bethe and 
Barschall,!” who show that the counter sensitivity 
(assuming a proton track length small in relation to 
the counter diameter) is relatively insensitive to 
neutron energy. 

Stray fast neutrons were partially shielded from 
the ethane counter by means of paraffin blocks 
interspersed among the lead blocks used to shield 
the gamma-ray counter. The counter was placed to 
subtend the largest solid angle possible at the target 
and was surrounded by about. 5 cm of paraffin 
except on the side adjacent to the target. The 
paraffin shielding was effective in reducing the 
background counting rate. 

The region in the vicinity of the 1.435-Mev 
gamma-ray resonance has been investigated for 
neutron resonances by means of the hydrogen-filled 
counter at laboratory angles of 45°, 90°, and 160°, 
and by means of the ethane counter at 0°. These 
data are shown in Fig. 3. There is no evidence for 
a sharp neutron resonance in this energy region. 


17H, H. Barschall and H. A. Bethe, Rev. Sci. Inst. 18, 147 
(1947). 
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NEUTRONS AND GAMMA-RAYS 


The Neutron Angular Distributions 


Neutron angular distributions were taken at 
nine deuteron energies. The hydrogen-filled propor- 
tional counter with a linear amplifier, discriminator, 
and scaler was used to count the fast neutrons. 
This counter was non-directional and the bias 
setting corresponded to 0.15-Mev recoil protons as 
was determined by 3 bias versus counting rate curves 
for neutrons of different known energies. The 
counter was insensitive to the gamma-rays when 
set at its standard bias. By lowering the bias the 
over-all gain of the system was checked frequently 
with a radium source in a standard position. The 
counter was rotated about the target at a distance 
of 10 centimeters and it subtended a laboratory 
angle of +12° at the target. The data was taken 
in 15° steps in the laboratory system. The carbon 
target was 135 w g/cm? of ceresin wax on a thick 
silver disk. Data was taken by going several times 
through the angles and averaging. These averages 
are believed to be correct to within 10 percent. The 
background count was obtained by letting the beam 
fall on the defining slits only. The background was 
less than 10 percent. 

The laboratory angles @ were converted into 
center of gravity angles ¢ by the relation 


E dccteren 


3 
) sind 
TOR scctacn = 25 a 





sin(g— @) = ( 


and the counting rates at each c.g. angle y were 
corrected because of the variation of the solid angle 
subtended by the counter in the’center of gravity 
coordinates. 

The counting rates at each deuteron energy and 
at each angle were also corrected for the efficiency 
of the counter. The efficiency of the counter is 
given by 

F=o0,.%DPE,-3 


where oo =4.16X10-*% cm? is the neutron-proton 
cross section at 1 Mev, E, is the neutron energy 
in Mev, 2% is the number of hydrogen atoms/cm, 
D is the effective depth of hydrogen gas that 
the neutrons see, and P is the probability that 
if a recoil occurs inside the counter it will be 
counted as a pulse above the bias. P is not only a 
function of bias energy (the size of the ‘‘cone” of 
recoiling protons that will release the bias energy) 
but also of the ratio of proton track length L to 
counter radius R. P and F have been calculated for 
the counter.1® 

The efficiency of the hydrogen counter may also 
be experimentally determined. By integration of the 
observed angular distribution curves and com- 
parison of this total yield into 4x-radians with the 


18 J, C. Harris and G. C. Phillips (to be published). 
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yield of N* as determined from the positron mea- 
surements an efficiency of the counter for the 
average neutron energy in that distribution is ob- 
tained. These experimental determinations agreed 
with the theoretical within about 15 percent. The 
corrections in yield were made using the theoretical 
efficiency. The angular distributions are shown in 
Fig. 4 and are believed to be correct to within 10 
percent. A subsequent paper will analyze the neu- 
tron angular distributions. 


CONCLUSIONS 


In general, reactions (2) and (3) are competing 
reactions, and at the three lower resonances there 
are about equal probabilities of breaking up with 
the emission of neutrons or short range protons. 
However, certain marked differences in the reso- 
nance phenomenon of reaction (2) and (3) can be 
noted. There are resonances for neutron emission 
at 1.62 and 1.76 Mev that do not correspond to the 
large gamma-ray resonance at 1.73 Mev. It is 
interesting that the 1.73-Mev gamma-ray resonance 
occurs at the point of maximum slope of the neutron 
cross section suggesting that the neutrons show 
something akin to dispersion about this point. 
Although the resonance at 1.62 Mev was not 
observed at 0°, similar curves when counting neu- 
trons at 90° have been obtained by Williams et al.® 
for this region. 

At the 1.435-Mev resonance there is no indication 
of a neutron resonance within the limits of the 
experiment. If a neutron resonance exists it must 
be relatively weak and oy/oneut.>25. The shape of 
the 1.435 resonance for gamma-rays is markedly 
asymmetrical; this resonance has been observed 
many times with different targets and different 
experimental arrangements and so it is certain that 
the asymmetry is real. It is interesting that a 
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Fic. 3. The yields of gamma-rays and neutrons at 0°, 45°, 
90°, and 160° at the narrow 1.435-Mev resonance. The 45°, 
90°, and 160° neutron counting rates are correct ratios while 
the 0° counting rate is arbitrary. 
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Cross section for neutron emission barns per unit solid angle 























Neutron angle from deuteron direction in c.g. coordinates 


Fic. 4. The angular distributions of the neutrons in center of gravity coordinates for the deuteron bombarding energies indicated. 


superposition of resonance and dispersion formulas 
will produce this shape. Similar shapes have been 
observed in the resonances associated with the 
bombardment of fluorine by protons. 

The ratio of the cross sections for reactions (2) 
and (3) are several orders of magnitude different 
from what would be expected if the deuteron is 
captured by the C” nucleus and the excited *N™ 
nucleus subsequently breaks up with the emission 
of either a short-range proton or a neutron. At the 
0.91-Mev resonance the ratio of the number of 
short-range protons to neutrons is ¢,/on,~2.5. At 
this bombarding energy the short-range protons 
have only an energy of 230 kev in the center of mass 
coordinates; the penetrability through the Coulomb 
barrier for /=0 is only approximately 10-*. The 
effect of the Coulomb barrier should make the 
emission of neutrons far more likely than the emis- 
sion of short-range protons; and indeed the cross 
section for reaction (2) should be much smaller than 
is observed. 

In the case of the narrow resonance at 1.435 Mev 
the penetrability of the short-range protons is 
approximately 1/30, while the observed ratio 
o,/o,>25, and so the discrepancy in the expected 
number of neutrons and short range protons is 
>750. 


Since the discrepancies are so large in the cross 
sections, it seems possible that the assumed 
mechanism of disintegration is wrong. There is the 
possibility that the entire deuteron does not enter 
the C” nucleus in the case of low energy proton 
emission. The difficulty in proposing an Oppen- 
heimer-Phillips reaction to interpret the results is 
that sharp resonances like the 1.435 Mev should 
not be observed. The lifetime of the nucleus would 
be expected to be of the order of the transit time of 
the proton across the nucleus, or about 5X 107"3/10° 
=5X10-" sec. From the relation AE-At~h, a 
width of 1.3 Mev is obtained, and this is com- 
pletely incompatible with the sharp resonance that 
is observed. In view of this difficulty in the width 
of the level it seems that some other mechanism 
must be sought. 

Critchfield has suggested an explanation in terms 
of a special model of the excited *N™ nucleus with a 
large rotational angular momentum. If the *C™ has 
high rotational angular momentum the probability 
of transition from *N to *C may be much greater 
than to a N*® nucleus without this high angular 
momentum. 

This work was supported by the Research Cor- 
poration and by the joint program of the ONR and 
AEC. 
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A cosmic-ray telescope is described which measures the absolute intensity of the cosmic radiation 


through the use of trays of overlapping Geiger counters to eliminate insensitive areas. The results 
obtained, carefully corrected for accidentals, counter efficiency, side showers, absorption, and 


barometric pressure, are compared with those of previous authors. 





I. INTRODUCTION 


REVIOUS sea level determinations of the total 
cosmic ray intensity show surprising dis- 
crepancies in the values obtained by different 
authors, over a range of thirty to forty percent.!* 
These discrepancies are much greater than the 
normal daily and seasonal variations. The greatest 
single sources of error are in the corrections for side 
showers and absorption in the counter walls and 
material overhead. 

The Geiger-counter telescope described below 
utilizes larger and symmetrical sensitive areas and 
yet retains good angular resolution. The larger 
areas give greater real counting rates so that good 
statistical accuracy can be achieved in short 
periods of time. This advantage, together with that 
of using thin-walled counters of relatively low ab- 
sorbing power, and a novel method of minimizing 
errors due to variations in the effective length of 
the counter, indicated that more reliable results 
could be obtained than those previously reported. 

This work was done as a supplement to that 
previously described*’? using equipment largely 
adapted from the previous work. 


II. COUNTER TELESCOPE FOR ABSOLUTE DETER- 
MINATION OF COSMIC-RAY INTENSITY 


The telescope is composed of three trays of 
Geiger counters rigidly supported, one below the 
other, by a boxlike aluminum framework. Each 
tray is made up of eleven counters, nine of which 
have their axes parallel and which overlap so that 
there is no insensitive area between the counters. 
The other two counters are placed transversely, 
one across each end of the main group. Each tray 
of the telescope has 25.69-cm effective length and 


i at General Electric Company, Schenectady, New 
ork. 
1T. H. Johnson, Phys. Rev. 43, 307 (1933). 
1938) Street and R. H. Woodward, Phys. Rev. 46, 1029 
4). 
as 3) K. Froman and J. C. Stearns, Can. J. Research A, 29 
938). 
4K. Greisen, Phys. Rev. 61, 212 (1942). 
5K. Greisen and N. Nereson, Phys. Rev. 62, 316 (1942). 
6A. T. Biehl, R. A. Montgomery, H. V. Neher, W. H. 


Pickering, and W. C. Roesch, Rev. Mod. Phys. 20, 360 (1948). 
7 See reference 6, p. 353. 
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24.52-cm effective width. The spacing between the 


. two outer trays of the telescope is 98.5 cm between 


corresponding planes through the trays. 

The Geiger counters used,* were made from 
copper-plated steel cylinders of 0.025-cm wall 
thickness. The diameter is 3.3 cm and the length 
approximately 25 cm. The counters were carefully 
chosen to have nearly equal thresholds and were 
operated at constant battery voltage approximately 
100 volts above threshold. The individual counting 
rates of the counters agreed very closely when they 
were tested under identical conditions, using a 
thorium source to stimulate rapid counting rates. 

From purely geometrical considerations it is 
possible to calculate the ratio of the counting rate 
of the telescope, , in counts per minute, to the ab- 
solute intensity, jo, of the cosmic rays, in ionizing 
particles per unit solid angle per cm? per minute, 
considering only cases where one particle strikes 
all three trays. If the telescope is pointing verti- 
cally, if the trays are of dimensions ‘‘2a’’ and ‘‘2,” 
if the separation between the outer trays is “‘d,” 
and if the intensity of the radiation is assumed to 
vary as the square of the cosine of the zenith angle, 
then we have 


n/jo= 16a7b?(1 —2a?/d?)(1—26?/d?)/d?, (1) 
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Fic. 1. Plan view of a single tray of Geiger counters.) The 
effective dimensions of the individual counters are shown. Note 
that the counters overlap so that only about ¢ of the effective 
area of each is utilized. 
























1408 
TABLE I. Counting rate of apparatus. 
Counting 
rate 
(coin- Barom- ‘ 
cidences eter Jo 
per (inches Total (uncor- 
minute) Date Hg) counts rected) 
Transverse 
counters 
connected 28.05 Nov. 5-7, 29.42 72,000 0.726 
1947 
Transverse 
counters 
uncon- 
nected 0.724 


23.40 Nov. 13-14, 29.21 22,500 
1947 








where if a/d is less than %, then any higher order 
terms may be neglected with an error of less than 
+ percent. 

For the particular telescope used, we must make 
a correction for the insensitive areas at the corners 
of the tray and also a correction for the finite 
thickness of the trays. Figure 1 shows a plan view 
of one of the trays showing the sensitive areas of the 
counters making up the tray. The effective width 
of each counter is assumed to equal the inside 
diameter of the cylinder. The effective counter 
length was determined by the method of Street and 
Woodward? to be 23.1 cm as an average for five 
counters. Figure 2 shows the experimental curve 
for this determination. 

The insensitive area constitutes 0.66 percent of 
the total area so that the correction due to this 
factor is —1.3 percent because of the dependence 
of the counting rate on the square of the tray area. 
The cylindrical shape of the counters may be 
shown to add to the effective tray area in amount 
of 0.5 percent when the transverse counters are 
effective in the circuit. 

Applying these two geometrical corrections and 


substituting for ‘‘a,” ‘bd,’ and ‘‘d,” we have 
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Fic. 2. Effective length of counter as determined for five 
counters simultaneously using the method of Street and 
Woodward. The shape of the curve depends on the diameter 
of the counters, the effective length being given by the distance 
between half-maximum points. ; 
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If the transverse counters are disconnected, then 
we have an entirely different telescope admittance, 
The circular ends of the counters now contribute to 
the effective area and solid angle of the telescope. 
An integration is performed to determine the 
number of rays that can pass through one set of 
circular ends on one tray, and which are so directed 
as to pass through the other extreme tray. This 
result, multiplied by four for the other similar sets 
of counter ends, amounts to a total of 3.2 percent 
for the geometry used. The cylindrical shape of the 
counters affects only the effective width in this case 
and hence the correction is but half of that when 
the traverse counters are connected, i.e., 0.25 per- 
cent. If we apply these two corrections and now use 
the effective length of a single counter as that of 
the tray, we now have, using Eq. (1), 2/jy= 32.30. 

The ratio of the geometrical factors for the 
telescope with and without the transverse counters 
connected is 38.60/32.30=1.195. It is possible to 
get an internal check on the consistency of these 
results by comparing the counting rates of the 
telescope with and without the transverse counters 
connected. This was done using both double and 
triple coincidences. The results were: for triples, 
1.19+0.01; for doubles, 1.215+0.01. 


Ill. DETERMINATION OF ABSOLUTE INTENSITY 
OF COSMIC RAYS 


The counting rate of the above apparatus was 
determined at Pasadena on the roof of Bridge 
Laboratory. The residual absorbing material, in 
addition to the counter walls, was }-inch plywood. 
(See Table I.) 


lV. CORRECTIONS FOR ABSOLUTE 
DETERMINATION 


These results must be corrected for the following 
factors: 


(1) Accidental coincidences and loss of efficiency; 

(2) changes in barometric pressure; 

(3) absorption in the counter walls and wood. overhead; 
(4) additional coincidences due to side showers. 


Measurements were taken over 24-hour periods 
to minimize the daily variations. 


V. CORRECTIONS FOR ACCIDENTALS 
AND EFFICIENCY 


The resolving time of the electronic circuits is 
such that the number of sea-level accidental coin- 
cidences is completely negligible for a three-tray 
arrangement. 

As discussed by Johnson,*® the efficiency of a 
train of ‘“‘n’’ coincidence counters is E” where 
E=E,E,. E, is the efficiency as limited by the 
“dead time”’ of the counters, and E,j is the efficiency 


8 T. H. Johnson, Rev. Mod. Phys. 10, 206 (1938). 
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as limited by the pressure in the counters and the 
kind of gas used to fill them. 

The measurements of the efficiency due to “‘dead 
time” have been described.® The efficiency in this 
respect is 99.9 percent since the sea-level counting 
rate per tray is only about 20 counts per second. 

The probability of detection of a single particle 
of path length “ZL” through a counter, filled to 
pressure ‘‘p’’ with a gas of specific ionization ‘‘N,”’ 
is (1—exp(—NLp)). The over-all efficiency is 
obtained by integrating the efficiency for a given 
path length over the distribution of possible path 
lengths. For a cylindrical counter of diameter ‘‘D,” 
the over-all efficiency for particles whose paths are 
normal to the axis of the cylinder is 


E,=1~ f exp(—NpD(1—9*)!)dy, 
0 


where ‘‘y’’ is the distance of closest approach of the 
ray to the.counter axis, measured in units of the 
cylinder radius. Taking the value of N =30 ions per 
cm per atmos. for argon,*® p=0.075 atmos., and 
D=3.25 cm, then NpD equals 7.4. 

The integration performed graphically in Fig. 3 
shows that the over-all counter efficiency is 97.9 
percent if the counter is used singly. In the trays 
used for the absolute determination, the counters 
overlapped in such a manner that only ¢ of the 
effective diameter of each counter is utilized. The 
efficiency under these conditions is given by the 
same expression as above, with the upper limit 
now 0.8 in the integral. This works“out to be 99.8 
percent. The tray efficiency is now 99.6 percent if 
we consider the tray as made up of eight counters, 
each 99.8 percent efficient and one counter 97.9 
percent efficient. The over-all efficiency for three 
trays in coincidence is 98.8 percent for rays 
traveling parallel-to the axis of the telescope. 

The correction for inefficiency of the mechanical 
recorder is negligible since the resolving time is 
approximately 0.01 second, and the counting rate 
is only about 0.5 count per second. 


VI. PRESSURE COEFFICIENT OF COSMIC-RAY 
INTENSITY 


Widely different values have been reported in the 
literature for the pressure-intensity coefficient of 
the vertically incident cosmic rays at sea level. Clay 
and Bruins!® give a value of —6.4 percent per cm 
Hg change in pressure, from ionization measure- 
ments with the chamber shielded with from 12- to 
120-cm iron, for rays incident at any angle. 
Barnothy and Forro" report values of —3.74+0.59 


* J. Cosyns, Bull. Tech. Assn. Eng. Brussels, 173 (1936). 

10 J, Clay and E. M. Bruins, Rev. Mod. Phys. 11, 158 (1939). 

J, Barnothy and M. Forro, Zeits. f. Physik. 100, 742 
(1936); and 104, 535 (1936). 
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Fic. 3. Graphical integration of exp—7.4(1—y*)#dy. The 
area under the dotted curve gives the fractional loss in 
efficiency due to the probability that no ions will be formed 
by some of the ionizing rays in passing through the counter. 


percent per cm Hg at the vertical with an angular 
opening in their Geiger-counter telescope of 
10°X40°. Their results indicated that the coef- 
ficient was slightly smaller away from the vertical. 
These results differ by nearly a factor of two from 
those of Clay and Bruins. Unpublished measure- 
ments by Pickering show —3.65 percent per cm Hg 
change in pressure from sea-level observations. 

In order to redetermine this coefficient, two of 
the cosmic-ray balloon telescopes* were mounted in 
a truck and operated at three different altitudes 
ranging from zero to 1300 feet above sea level. The 
pressures were recorded with an accurate Paulin 
barometer which was calibrated against a meteor- 
ological standard. The counting rate at each altitude 
was determined to within a statistical probable 
error of less than 0.5 percent. Figure 4 shows a 
curve of the natural logarithm of the counting rate 
vs. the pressure in inches of Hg for several instru- - 
ments. The average slope corresponds to a coef- 
ficient of —9.1+0.6 percent per inch of Hg or 
—3.6+0.3 percent per cm Hg. These results agree 
very well with those of Barnothy and Forro, and 
those of Pickering. 

The assumption is made in these measurements 
that the pressure change due to a change in altitude 
is equivalent, in its effect on the cosmic-ray in- 
tensity, to an equal pressure change at the same 
altitude. This assumption is justified if an at- 
mosphere in equilibrium is postulated.” 


VII. ABSORPTION IN THE COUNTER WALLS 
AND WOOD OVERHEAD 


The change in the counting rate of a two-tray 
telescope was measured as absorbers, corresponding 
to equivalent numbers of counter wall thicknesses, 
were placed between the two trays. In Fig. 5 the 
logarithm of the counting rate is plotted against 
the number of equivalent wall thicknesses of ab- 


2B. Rossi, Rev. Mod. Phys. 11, 297 (1939). 
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TABLE II. Principal determinations of the absolute intensity, 
jo of cosmic rays. 








Pres- 





sure Mag- 
inches / ; Cor- _ netic 
Author Date Altitude Hg jo rected lat. 
Johnson 1933 189 m _ 0.70 57° 
Street and 
oodward 1934 Om _— 0.80 +0.028 55° 
Froman and 
Stearns 1938 37m _— 0.973 +0.032 58° 
Greisen 1941 259 m 29.2 0.735 0.709* 55° 








* Behind }-inch of wood. 


sorber. Sheets of copper-plated steel, identical to 
those from which the cylinders were rolled, are used 
as absorber. Six thicknesses total 1.4-g/cm? of 
absorber. 

If we consider that as many rays are produced as 
absorbed in the upper wall of the top tray,!* then 
the correction for the absorption in the other five 
counter walls of a triple coincidence telescope would 
be 4.0+0.5 percent by extrapolation of the curve. 
The absorption in the }-inch of wood overhead is 
approximately 1.5 percent, as determined by noting 
the change in counting rate when an additional 
equivalent layer of wood is placed above the 
telescope. 


VII. CORRECTION FOR ADDITIONAL COUNTS DUE 
TO SIDE SHOWERS 


A first estimate of the effect of side showers can 
be obtained by displacing the center tray of the 
triple-coincidence telescope so that no one particle 
can traverse all three trays if it travels in a straight 
line. If the telescope is vertical, and the center tray 
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Fic. 4, Variation of intensity of vertically incident cosmic 
radiation with pressure at sea level. The average slope cor- 
responds to a coefficient k=0.091 for the variation of the 
natural logarithm of counting rate with barometric pressure, 
measured in inches of Hg. 


4% H. Schwindler, Zeits. f. Physik, 72, 625 (1931). 





R. A. MONTGOMERY 


is displaced in a horizontal plane, a curve may be 
obtained showing the variation of counting rate 
with the distance of displacement. 

We consider the totality of coincidences due to 
side showers in two groups, vz., (1) those coin- 
cidences due to the passage of only two associated 
rays, and (2) those coincidences due to the passage 
of more than two associated rays. The number of 
the latter will be nearly independent of small dis- 
placements, relative to the shower extent, of the 
center tray. 

The number of counts due to only two particles, 
n(x), will be proportional to the number of shower 
particles which pass at discrete intervals of time 
through a sub-telescope, made up of the middle tray 
of the main telescope and one of the outer trays, 
multiplied by the probability that each particle 
will be accompanied by another shower particle 
which excites the third tray. If this probability be 
considered constant, and if the angular distribution 
of the discrete shower particles is assumed to vary 
as the square of the cosine of the zenith angle, then 
n2(x) = KA(@)w(6) cos?@, where A(@) is the tray 
aréa normal to the sub-telescope axis at angle 0, 
and w(@) is the sub-telescope solid angle. If ‘‘d’’ and 
‘“‘y’’ are respectively the separation between the 
outer trays of the telescope and the distance of 
horizontal displacement of the intermediate tray 
from the telescope axis, then cos@=d/(d?+<x*)!. 

Now A(@)=A(0)cos@ and w(6)=A(0) cos*6/ 
(d/2)?, hence, m2(x) = C; cos*@ where C; is a constant 
of the geometry. The total number of counts due to 
side showers, n,(x) is therefore of the form ,(x) 
=C,cos*@+C2, where C2 represents the coinci- 
dences due to the passage of more than two rays. 
The number of counts due to side showers when the 
three trays are in the normal telescope arrange- 
ment, may be estimated from the extrapolation of 
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Fic. 5. Variation of coincidence counting rate with equiv- 
alent counter walls thickness of absorber using double coin- 
cidences. The curve is extrapolatéd to give the absorption in 
three additional counter walls. 
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ABSOLUTE INTENSITY OF COSMIC RADIATION 


the curve of n,(x) versus x or it may be inde- 
pendently determined in the following manner. 

The standard telescope is arranged with four 
evenly spaced trays and counting rates are deter- 
mined with double, triple, and quadruple coin- 
cidences. When the results are corrected for pressure 
changes and for accidentals, the differences repre- 
sent the contributions of the side showers since the 
absorbing material is held constant. The results 
corrected to a common pressure of 29.07 inches 
Hg are, if se, s3, and s4 are the number of counts due 
to side showers for double, triple, and quadruple 
coincidences, respectively, 


Counting rate (counts/min.) S2—S3 Sa 54 
Doubles Triples Quadruples 
31:70 29.15 28.20 2.55 0.95 


If we assume that s4/s3=s3/se, then solving we 
have ss=1.5 counts per minute. 

Figure 6 shows the experimental points obtained 
for the coincidence counting rate as a function of 
the horizontal displacement distance superimposed 
on the theoretical curve which fits ss; equal to 1.5 
counts per minute for x=0 and a background of 
0.30 count per minute. The theoretical curve fits 
the experimental points quite well, indicating that 
the results of the two methods of estimating the 
shower effect are consistént. 

In considering the number of counts observed 
with the one tray displaced, we must allow for the 
fact that we can observe coincidences between 
particles, one of which arrives in the permitted cone 
of the telescope, and the second, traveling in a 
parallel path, strikes the displaced tray. That these 
occurrences are relatively rare is shown by the fol- 
lowing experiment. 

Two counter telescopes are arranged side by side, 
both pointing in the vertical direction. It is arranged 
to count only simultaneous coincidences in both 
telescopes. The observed counting rate in this 
experiment is only 0.11 count/min., a number small 
compared with the contribution due to side showers. 

The correction to be made to the triple-coin- 
cidence measurements is therefore 1.5/29.15 =0.05 
or a 5 percent correction with a probable error of 
about } percent. 


IX. SUMMARY OF CORRECTIONS 
The corrections other than geometrical are then: 


(1) efficiency, 1.30.5 percent; 

(2) absorption, 4.0+0.5 percent in counter walls plus 
1.50.5 percent in the wood overhead; 

(3) side showers, —5.0+0.5 percent; 

(4) barometric pressure —3.6+0.3 percent per cm Hg. 


No corrections are made for temperature varia- 
tions. The results, corrected to standard atmosphere 
pressure of 76-cm Hg are 
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Fic. 6. Variation of number of triple coincidences observed 
due to side showers with the horizontal displacement of the 
middle tray of the telescope. The curve shown is the theoretical 
one adjusted to give correct values on the axis and ata distance 
large compared to the tray size. 


3” wood 

overhead _ no absorber 
Transverse counters connected 0.695 0.705 
Transverse counters unconnected 0.680 0.690 


The results are expressed in ionizing particles per unit solid 
angle per cm? per minute. 


X. COMPARISON WITH PREVIOUS RESULTS 


The results given above serve generally to confirm 
those of Greisen,‘ as corrected in the later paper by 
Greisen and Nereson,5 when their results have 
also been corrected for the residual absorbing 
material which consists of 2.3 g/cm? of brass plus 
+-inch wood. 

The results calculated from Greisen’s data for 
absorption are consistent with the results given in 
Section VII, each being about 3 percent per g/cm? 
of absorber. Greisen’s results must also be corrected 
for the shower factor which he estimates at 3 percent 
from his data on sixfold coincidences. 

Table II summarizes the principal determina- 
tions to date, which may be compared with those in 
Section IX. 

The present results are therefore approximately 
three percent lower than those of Greisen. It is 
interesting to attempt to correlate the experimental 
difference in terms of the world-wide changes in 
cosmic-ray intensity as measured by Forbush." 
These records show that the mean daily sea-level 
cosmic-ray intensity as measured at Cheltenham, 
Maryland, was higher in the midsummer of 1941 by 
5 percent than the daily average in the period of 
these measurements in the fall of 1947. Since 


4 Records made available to Dr. H. V. Neher through the 
kindness of Dr. S. E. Forbush. ° 
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Pasadena is at magnetic latitude of 40°N, there 
should be negligible variation with latitude of the 
sea-level cosmic-ray intensity between this location 
and more northerly locations." 


1 R. A. Millikan and H. V. Neher, Phys. Rev. 50, 15 (1936). 
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In conclusion the author wishes to record his 
deep appreciation for the invaluable advice and 
counsel of Dr. H. V. Neher and Dr. W. H. Picker. 
ing. He sincerely thanks the Carnegie Institution of 
Washington for their financial assistance. 
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We have studied paramagnetic resonance in CuSO,-5H:20, at 9375 mc/sec. Although two absorp- 
tion peaks were expected, only one was found; Van Vleck has explained this in terms of exchange 
coupling between Cu** ions. We have found electronic gyromagnetic ratios for a large number of 
orientations of the crystal (with respect to the external field). Theory agrees with experiment if the 
gyromagnetic ratios that correspond to the three principal susceptibilities are 2.39, 2.39, and 2.07. 
We also find a variation in absorption line width with orientation. The shapes of the absorption 
lines agree with a theory of exchange coupling advanced by Gorter and Van Vleck. 


I. INTRODUCTION 


HE paramagnetic anisotropy of CuSO,-5H2O 

has been studied, both experimentally by 
Krishnan and Mookherji! and theoretically by 
Polder.? Since the discovery of paramagnetic reso- 
nance absorption, further studies of this salt in the 
form of single crystals have been made by Kip,’ 
by us,‘ and by Bagguley and Griffiths.® In micro- 
wave resonance experiments, the measured quantity 
is usually the electronic gyromagnetic ratio (g 


factor). 
my at 
 ™ ye ar 


z, 
Ka OF ROTATION wie OF ROTATION 
A. 8 
8 








Fic. 1. Geometry of the measurements. 


* Publication number 8p-48. Assisted by the Joint Program 
of the ONR and the AEC. 

1K. S. Krishnan and A. Mookherji, Phys. Rev. 50, 860 
(1936); 54, 533 (1938); 54, 841 (1938). KM will be used 
hereinafter when referring to these papers. 

2 D. Polder, Physica 9, 709 (1942). 
(948) D. Arnold and A. F. Kip, Phys. Rev. 73, 1247(A) 

‘J. Wheatley, D. Halliday, and J. H. Van Vleck, Phys. 
Rev. 74, 1211(A) (1948). 
* 3) M. S. Bagguley and H. E. Griffiths, Nature 162, 538 
1 , 


II. CRYSTAL STRUCTURE 


Beevers and Lipsom® have worked out the struc- 
ture of copper sulfate. The unit cell contains two 
Cu++ ions. Each ion is surrounded by four nega- 
tively charged oxygens (parts of water molecules) 
in an approximate square, 2.8A on a side; there are 
also two other oxygens (parts of sulfate groups), 


each of which is 3.1A from any one of the oxygens. 


in the square. These six oxygens form an octahedron 
about the cupric ion; the body diagonal perpen- 
dicular to the square is the longest. Polder? has 
calculated that this arrangement produces an elec- 
tric field of nearly tetragonal symmetry at each 
Cut* ion. The x-ray measurements show that the 
configuration about each ion is nearly the same 
and that the angle between the two tetragonal axes 
is 98°. Magnetic measurements show that this angle 
is close to a right angle. 


III. ‘PREVIOUS MAGNETIC MEASUREMENTS 


Krishnan and Mookherji! found that two of the 
principal susceptibilities of the crystal—those along 
the bisectors of the angles between the tetragonal 
axes—are nearly equal. They are greater than the 
third—which is taken normal to the plane formed 
by the two tetragonal axes. We shall call these 
tetragonal axes Z; and Zr; following KM.! The 
direction of lowest susceptibility is an axis of 
magnetic symmetry; we will call it the magnetic 
axis. From their measurements of the principal 
susceptibilities of the crystal, KM were able to 
calculate susceptibilities for directions both parallel 


*°C. A. Beevers and H. Lipsom, Proc. Roy. Soc. London 
A146, 570 (1934). 
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Fic. 2. Variation of g factor with angle of rotation for 
CuSO,-5H:20 at 9375 mc/sec. 


and perpendicular to each of the tetragonal axes. 
From these values they found effective Bohr 
magneton numbers for these same directions. The 
effective Bohr magneton number, , for any 
direction is given by ; 


n= (3kTx0)*/ NB, (1) 


where k is Boltzmann’s Constant, T is the absolute 
temperature, xo is the static susceptibility of the 
crystal in the direction in question, N is Avogadro’s 
number, and £ is the Bohr magneton. KM found 
m= 2.13 and n,=1.80. Also 


' g=n[J(J+1)}, (2) 
where J is the total angular momentum quantum 
number, and ‘‘g’’ is the g factor for the direction in 


question. If a, electric fields acting on the ion are 
asymmetrical enough to quench the orbital part of 
the angular momentum, we have instead? 


g=n[S(S+1)}, (3) 


where S is the spin quantum number. Polder’s 
work suggests that in CuSO,-5H:O the orbital 
angular momentum is quenched and the spin is 
free. Assuming the spin (S=4) to be free, KM’s 
results predict g,,=2.46 and g, =2.08. 


IV. PARAMAGNETIC ANISOTROPY—DISCUSSION 


Paramagnetic resonance absorption is a useful 
tool® for studying magnetic properties of copper 
sulfate single crystals. In microwave absorption 
experiments, the crystal is subjected to an oscil- 
lating magnetic field of microwave frequency, and 
a static magnetic field, normal to the oscillating 
field. The microwave frequency, »v, is constant and 
the magnetic field is varied. An absorption maxi- 
mum occurs at the value of magnetic induction, 
B, that satisfies the resonance relation 


hv=g6B. (4) 
For a given crystal orientation it would seem that 


‘= Van Vleck, Electric and Magnetic Susceptibilities, 
Chapter XI (Clarendon Press, Oxford, 1932). 

§R. L. Cummerow, D. Halliday, and G. E. Moore, Phys. 
Rev. 72, "1233 (1947). 
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Fig. 3. Variation of absorption line width with angle of 
rotation for CuSO,-5H:0 at 9375 mc/sec. 


Eq. (4) would be satisfied for two different B values; 
this is because there are two different orientations 
of Cut** ions, each with its own g value. 

The g factor for any direction with respect to a 
tetragonal axis may be calculated simply by finding 
the static susceptibility in that direction and 
substituting in Eq. (1) and Eq. (3). The static 
susceptibility in any direction in terms of x,, and 
Xa (the static susceptibilities parallel and perpen- 
dicular to a tetragonal axis) can be calculated from 
simple geometrical considerations. The result is 


Xe=xX1, cos*0+ x, sin’6, (5) 


where @ is the angle between the direction specified 
and a tetragonal axis. 

The g factor for any direction with respect to a 
tetragonal axis is then evidently given by 


g=(g1;? cos?6+g,? sin’6)}, (6) 


where @ is the angle between the direction specified 


and a tetragonal axis. 
It follows that for the two ions in the unit cell 


the values of g will be given by 


21= (g1;7 cos’01+g,? sin?0,)# 
and 

g2= (gi? cos*@2+-g,” sin*62)}, (7) 
where 6, and 62 are the angles which the direction 
of the external field makes with Z; and Z77, respec- 
tively. In an absorption experiment, then, we expect 
to find two absorption maxima, those corresponding 
to gi and ge in Eq. (7). At 3.2 cm, however, we 
find only one peak. Van Vleck® attributes this to a 
strong exchange coupling between the cupric ions; 
the single effective ‘‘g” is the arithmetic mean of 


gi and go, 
Zett. = (g1+g2)/2. (8) 


V. EXPERIMENTAL ARRANGEMENT 


The experimental arrangement is like that used 
in previous work.’ The output of a square-wave 


9 J. H. Van Vleck, private communication. 
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Fic. 4. Comparison of the line shape of an experimental 
CuSQ,:5H:.0 absorption line at 9375 mc/sec. with a Gaussian 
curve having the same area and second moment. 


modulated low power oscillator passed through a 
resonant cavity that contained the copper sulfate 
crystal. The power was detected by a crystal 
rectifier. The voltage output of the crystal rectifier 
was amplified, rectified, and then compared with a 
stable d.c. battery voltage; the difference between 
the two was displayed as a galvanometer deflection. 
If the crystal in the cavity absorbs power, there 
will be a galvanometer deflection; it can be shown 
that the galvanometer deflection is proportional to 
x’, the imaginary part of the high frequency 
susceptibility of the salt. The magnetic field was 
calibrated using the proton moment; we think it is 
correct to +6 gauss. The absorption peaks are 
reproducible to within +10 gauss. 

In order to study the anisotropy, the crystal 
specimen was mounted on the end of a shaft that 
protruded slightly into the resonant cavity. The 
shaft was normal to the steady field. We could 
measure relative shaft rotation angles. Three ori- 
entations of the crystal with respect to the axis of 
rotation were studied. They are shown in Fig. 1. 
The drawings (and all later discussion) are based 
on the assumption that the angle between Z; and 
Zr is a right angle. Figure 1A shows rotation of the 
crystal about an axis parallel to one of the tetragonal 
axes of the unit cell, the angle of rotation, ¢, being 
equal to 4; plus a constant. In Fig. 1B the crystal 
is rotated about an axis parallel to the magnetic axis 
of the crystal; the angle of rotation again is equal 
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Fic. 5. Comparison of the line shape of the strong field 
absorption line of KCr(SO,)2-12H.O (for the field oriented 
along the 111 direction) with a Gaussian curve having the 
same area and second moment, 
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to 6; plus a constant. Figure 1C shows rotation 
about such an axis that the angle between the axis 
of rotation and the magnetic axis is constant and a 
right angle; further, the direction of the field makes 
equal angles with Z; and Z1;. We will call this last 
type of rotation axis a “Type I’ axis. The angles 
that Z;, Zrr, and the magnetic axis make with the 
crystallographic axes of the crystal are given by 
KM. The crystals were carefully ground into small 
cylinders, the cylinder axis being the rotation axes 
of Fig. 1. 


VI. RESULTS 


The experimental data for all three axes are 
shown in Fig. 2. The values of g for the tetragonal 
and Type J axis rotations should repeat every 90°; 
the values of g for the magnetic axis rotation should 
repeat every 45°. This comes about because the 
angle between Z; and Zr, is nearly a right angle. 

The theoretical curves that best fit the experi- 
mental data are shown as full lines in Fig. 2. They 
are found in the following way from Eq. (7) and 
Fig. 1: for the tetragonal axis rotation 0,=@ and 
62=90°. Thus, Eq. (7) reduces to 


£1= (gy? cos’ +g? sin’¢)?, ge=g.. (9) 


Finally, according to Van Vleck, the measured g is 


given by 
g=(gitge)/2. (10) 


From the indicated geometry (and with a similar 
procedure) we may compute curves for the magnetic 
axis rotation and Type J axis rotation. For the 
magnetic axis rotation, g=0°, 0,=0°; for the type 
I axis rotation, when g=0°, 6;=45°. The theoretical 
curves depend on g,, and gy; gu and gy are chosen 
so as to best fit the data at the ends of the experi- 
mental curves. These values are g,,=2.39 and 
g,=2.07. 


VII. ABSORPTION LINE WIDTHS 


Besides the anisotropy in the g factors, we found 
that the widths (at half-amplitude) of the absorp- 
tion liries varied with the orientation of the crystal 
in the steady field. The experimental results for the 
three axes of rotation are shown in Fig. 3. The 
relationship between ¢ and 6 for each of the curves 
is the same as that in Fig. 2. Van Vleck!® has 
developed a formula for the variation of the mean 
square line width with angle of rotation for tetra- 
gonal axis rotation; it assumes that the exchange 
energy is a function only of the total crystalline 
spin; our results are consistant with this theory. 


VIII. ABSORPTION LINE SHAPES 


We have studied, in detail, the shapes of the 
absorption lines. The copper sulfate absorption lines 


10 J. H. Van Vleck, private communication, 
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SECOND VISCOSITY OF LIQUIDS 


are much narrower than one expects on the basis of 
known internal magnetic fields. Also, we find that 
the absorption in CuSO,-5H2O reaches negligible 
values only after the applied field is about 1500 
gauss greater than that at the absorption maximum. 
This is shown in Fig. 4. A line shape theory has 
been worked out by Gorter and Van Vleck," and in 
detail by Van Vleck,” on the assumption of ex- 
change interaction between the cupric ions. Their 
results show that when exchange is important, the 
usual assumption of a Gaussian curve for the 
absorption line is a poor one. Instead, they find 
that the absorption line should be peaked in the 
center and should have a long tail. To test this, 


uC, J. Gorter and J. H. Van Vleck, Phys. Rev. 72, 1128 


(1947). 
2 J, H. Van Vleck, Phys, Rev. 74, 1168 (1948). 
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we have drawn a Gaussian curve with the same 
area and second moment as the absorption line 
(Fig. 4). The Gaussian curve is a very poor approxi- 
mation to the experimental curve. In Fig. 5 is 
shown the strong field side of the upper absorption 
line of CrK(SO,)2-12H2O (steady field oriented 
along the 111 crystallographic direction). Exchange 
effects here are probably small. We draw here, too, 
a Gaussian curve with the same area and second 
moment as the absorption line. In this case the 
Gaussian curve is a reasonable approximation to 
the experimental curve. The difference between 
the absorption line shapes of the two salts can thus 
be explained on the basis that there is exchange 
interaction between the cupric ions. 

We wish to acknowledge the continued aid and 
encouragement of Dr. A. J. Allen. 
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The second coefficient of viscosity is concerned with the 
viscous forces generated by compression (or dilatation). In 
the absence of knowledge of its magnitude in liquids it has 
been customary in hydrodynamics to assume that the coef- 
ficient of dilatational viscosity, m’, could be approximated by 
the ideal gas value m’= —2n/3, where n is the coefficient of 
shear viscosity. A method has been developed for obtaining 
values for the dilatational viscosity which is based on Eckart’s 
theory of acoustical streaming; the non-periodic motion of 
the fluid in the vicinity of a sound source is dependent on the 
two coefficients of viscosity. Values for the coefficient of 
dilatational viscosity for a variety of organic liquids and for 
water are given in the table. The coefficient of dilatational 


I. INTRODUCTION 


HE classical theory of viscosity is closely 
analogous to the theory of elasticity. In the 
classical elasticity theory two coefficients of elas- 
ticity appear, the Lamé coefficients, \ and wu. In an 
analogous manner there are two coefficients of 
viscosity, ~ and n’. The coefficient, m is familiar; 
it is simply the coefficient of shear viscosity. Values 
for this coefficient are determined with the use of a 
rotating cylinder or a transpirational viscosimeter 
and are to be found for a variety of substances in 
handbooks. 
The second coefficient of viscosity, n’, is less 
familiar ; it might be called the coefficient of dilata- 
tional viscosity. It is a measure of the viscous forces 





* This work represents one of the results of research carried 
out under contract with the Bureau of Ships, Navy Depart- 
ment. 


viscosity was found to be positive in sign and greater in 
magnitude than the shear viscosity. For example, the dila- 
tational viscosity of water was found to be 2.4 centipoise and 
that for carbon disulfide greater than 200 centipoise. There 
is no correlation between the magnitude of the shear and 
dilatational viscosities for the liquids studied. Temperature 
variation measurements on water show that the temperature 
dependence of dilatational and shear viscosity in this sub- 
stance is identical. Introduction of values for the dilatational 
viscosity into acoustical calculations eliminates the well-known 
discrepancy between theory and observation of sound ab- 
sorption in liquids at very high frequencies. 


which arise when a volume of fluid is compressed or 
dilated without change in shape. The magnitude of 
the viscous forces depends on the rate of compres- 
sion or dilatation. A conventional viscosimeter does 
not measure the dilatational viscosity inasmuch as 
the dilatation or compression in these instruments 
is obviously negligible. No dilatational viscosimeter 
exists nor may values for the dilatational viscosity 
be found in the literature. 

In hydrodynamics it has been customary in 
dealing with actual liquids to assign for the value 
of the dilatational viscosity, that calculated for an 
ideal gas; the dilatational viscosity of an ideal gas 
may be shown to be equal to —2m/3.! Most text- 
books? do not attempt to justify this assumption 


1Horace Lamb, Hydrodynamics, = edition (Cambridge 
University Press, London, 1932), p. 5 
?For example: Lord Rayleigh, 7) il ¢ Sound (Dover 


Publications, New York, 1945), p. 314. 
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Fic. 1a. Photograph of acoustic streaming from a sound source; the motion of the liquid is made visible by a sus- 
pension of tiny particles of aluminum. 


but attribute the proof of the argument to Stokes. 
However, Stokes was well aware of the deficiencies 
of his argument: “. . . I have always felt that the 
correctness of the value /3 for the last term of 
this equation (the term which includes the dilata- 
tional viscosity) does not rest on as firm a basis as 
the correctness of the equation of motion of an 
incompressible fluid, for which the last term does 
not come in at all.’ 








,Sound Source => 











Diaphragm 














Fic. 1b. A schematic of the experimental arrangement used 
in a. The liquid is contained in a glass cylinder; the sound 
beam is circular in cross section and is transmitted through 
the diaphragm without reflection. The arrows indicate the 
theoretical distribution of velocity in the mid portion of the 
cylinder. 


8G. G. Stokes, Math. Phys. Papers, 3, 136 (1851). 


It is not surprising that this assumption should 
have persisted so long in hydrodynamical theory. 
In most problems liquids may be treated as incom- 
pressible and the value of the dilatational viscosity 
does not arise. Even when the compressibility may 
not be neglected the motion is often divergenceless; 
the stress in this type of motion may be shown to 
be independent of n’. However the generation of 
acoustical waves in liquids and in gases does 
produce divergent motion; in acoustics the -effect 
of the dilatational viscosity can be expected to be 
an extremely important factor. It is in this subject 
particularly that one may expect to find defects in 
the theory which result from the neglect of dilata- 
tional viscosity. 

The succeeding sections will discuss in turn, the 
effect of dilatational viscosity on the absorption of 
sound; an unusual second-order acoustical effect 
which has its origin in part in the dilatational 
viscosity; and finally, actual values of the dilata- 
tional viscosity obtained experimentally for a 
variety of liquids. 


II. VISCOSITY AND SOUND ABSORPTION 


As previously mentioned, divergent motion is 
associated with acoustic waves; hence the dilata- 
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SECOND VISCOSITY OF LIQUIDS 


tional viscosity as well as the shear viscosity can be 
expected to exert an important influence on the 
propagation of these waves. The effect of the two 
viscosities is conveniently studied by beginning 
with the usual second-order equation of hydro- 
dynamics,‘ 


p(Du/Dt)+Vp =nV2ut+(n+n’)VV-u, (1) 


where u is the particle velocity, p is the density, 
and p the pressure. This equation may be con- 
siderably simplified for the study of acoustic waves: 
for plane waves in the x direction Eq. (1) becomes 


p(du/dt) + (dp/dx) =(2n-+n')(d?u/dx?). (2) 


Equation (2) together with the equation of 
continuity gives the usual plane wave solution : 


Uu =U exp[ —1(wt+kx) ] (3) 


in which k is complex if w is real. The imaginary 
part of k is the negative of the absorption coefficient. 
To a sufficiently good approximation the absorption 
coefficient is given by: 


a=w(2n+n')/2pc, | (4) 


where w is 27 times the frequency, and ¢ is the 
velocity of sound. In the ideal gas approximation 
n' = —2n/3 and the quantity (2”+m2’) in Eq. (4) 
becomes 4n/3. The latter will be recognized as the 
form given in most textbooks on sound for the 
calculation of absorption. 

It is well known that the observed sound absorp- 
tion, with few exceptions, is always in excess of the 
calculated values. Equation (4) suggests a reason 
for this disagreement: errors in the calculated 
absorption may be attributable to the use of the 
ideal gas approximation rather than the actual 
dilatational viscosity. This proposal has been ad- 
vanced by several writers in recent years,® but 
unfortunately, sound absorption data, alone, cannot 
be used to establish unambiguous values for the 
dilatational viscosity. Absorption data do not 
necessarily represent the sound energy dissipated 
by viscous forces alone; for example, heat conduc- 
tion and scattering processes may also dissipate 
sound energy. However it will be shown in a later 
section that sound absorption can, in fact, be 
correctly attributed to the combined effects of the 
dilatational and shear viscosities in the case of all 
liquids studied here. 


Ill, ACOUSTICAL STREAMING AND VISCOSITY 


The streaming of liquids or gases away from a 
vibrating sound source is a phenomenon which is 


‘ Compare with reference 2, pp. 574, 577. 

5 For example see: Laszto Tisza, Phys. Rev. 71, 531 (1942); 
William Pitt Mason, Electromechanical Transducers and Wave 
ae (D. Van Nostrand Company, Inc., New York, 1942), 
p. ‘ 
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Fic. 2. A sample recording of forces on the suspended disk. 
The source was turned on: the abrupt rise is proportional to 


the radiation pressure on the disk; the slow increase represents 


the force of the streaming liquid as it approaches equilibrium 
velocity. The suspension is underdamped. 


familiar to some experimenters. Figure la is a 
photograph illustrating this phenomenon. The 
streaming of a liquid is made visible by a suspension 
of fine particles of aluminum; an oscillating quartz 
crystal which is the sound source is on the left of 
the photograph. 

Eckart® has recently developed a set of second- 
order equations of acoustics which include the 
streaming phenomenon as one of their solutions. 
The force which drives the motion is dependent on 
both the dilatational and shear viscosities; the 
retarding force is dependent only on the viscous 
shear forces. Eckart suggested therefore that the 
ratio n’/n might be determined from a study of the 
streaming phenomenon. 

The solutions to Eckart’s equations show that 
acoustical streaming consists of vortex motion, 
generated at the boundaries of the sound beam. As 
is generally true of vortex motion, these vortices 
diffuse from their origin, following closely the laws 
of heat diffusion. Quantitative considerations of 
these vortices are considerably simplified if the 
fluid is confined to a cylinder whose length is long 
compared to the radius; the sound beam is directed 
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Fic. 3. Sample data for one liquid. The ordinate is propor- 
tional to the velocity of streaming; the abscissa is proportional 
to the sound intensity. Measurements were made over a range 
of sound intensities in order to define the two slopes. The 
slope which passes through the origin is used for the determi- 
nation of the viscosity; the decrease in slope at higher stream- 
ing velocities represents turbulent motion. 


* Carl Eckart, Phys. Rev. 73, 68 (1948). 





ena nea a iB tin Nie ae me aN Reet o 


saan seat 


AAD ues Sawa Sy oe Nl 


Fire iee tar le al eA NE sented 


ya Cie tere 
Pate ee a nh 


“ 
Py 
5 
a 
Z 
: 
% 
4 
} 
i 
; 








1418 L. N. LIEBERMANN 


TABLE I. Summary of viscosity ratio for a number of liquids. 














Coeffi- Coeffi- 
cient of cient o' 
shear  dilata- : 
vis- tional Viscosity 
Fre- Vis- cosity* viscosity ratio from 
quency cosity (m in (n’ in sound 
(mega- ratio centi- centi- absorption> 
Liquid cycles) (n’/n) poise) _ poise) (n/n) 
Water 5 2.4 1 2.4 2.1 
Methyl alcohol 5 1.3 0.60 a2 1.1 
Ethyl alcohol 5 3.8 1.2 3.2 3.6, 2.6, 2.3 
Acetone 5 3.1 0.30 10 3.8, 3.1, 2.9 
Propy] alcohol (éso) 5 $.1 2.2 23 
Amy] acetate 5 9.9 0.89 11 10.2, 12.3 
2 9.6 11 
Xylol (m) 5 11 0.62 18 7.7,;6:5 
2 11 18 
Ethyl formate 5 15* 0.40 37* 21, 10 
4 22* 55* 
3 31* 77* 
2 85* 210* 
Chloroform 2 24 0.57 48 27, 34, 35 
Carbon tetrachloride 2 28 2.0 14 27,21, 22 
Benzene - 4 107 0.65 160 140, 130, 150 
Carbon disulphide 2 > 200 0.37 > 500 








* These values are for the unmodified Eq. (5). Using the modified form 
(See Section IV, Part C) 2’/n =700 for all frequencies. 
® Taken from International Critical Tables (McGraw Hill Book Company, 


Inc., New York). : 

b Absorption data for water were taken from J. Pinkerton, Nature 160, 
128 (1948); the others are from Ludwig Bergmann, Der Uliraschall 
(Edwards Brothers Inc., Ann Arbor, 1944). 


along the axis and passes without reflection through 
the region in which the liquid is confined. A 
schematic diagram of such an arrangement is shown 
in Fig. 1b. For the above conditions Eckart’s 
equations lead to a velocity of streaming on the 
axis of the tube given by** | 


v= (w’r?GI/pct)(2+n'/n). (5) 


The sound beam has a radius 7 and an intensity J. 
The constant G in this equation is a geometrical 
factor which takes into account the relative size of 
the sound beam and the tube. If the sound beam 
fills the tube, G=0 and the streaming stalls; an 
increased axial velocity results as the tube diameter 
increases. For the special case outlined above 


G= (r2/r,2—1)/2—logr/ro, (6) 


where 7o is the radius of the tube. 

The predicted distribution of the velocity in 
other regions of the tube as well as on the axis is 
also of interest. The streaming flows along the axis 
away from the sound source and returns along the 
periphery. The result of a distribution calculation 
carried out for one set of dimensions used in these 
experiments is illustrated in Fig. 1b; the relative 
magnitude and direction of the velocity is illustrated 

** A typographical error occurs in Eq. (33) of Eckart’s 
paper which if uncorrected leads to the first power of the 


frequency rather than the square of the frequency in the 
above equation. 


by the vectors in the diagram; end effects of the 
tube have, or course, been neglected. This velocity 
distribution may be directly compared with the 
distribution of velocity in the photograph inasmuch 
as the geometry was identical. 


IV. THE MEASUREMENT OF THE RATIO OF 
THE VISCOSITIES 


A. Basis of the Method 


It is seen from the preceding section that the 
ratio of the viscosities m’/n may be obtained from 
Eq. (5) provided all the other quantities in this 
equation are measurable or obtainable. Of these 
quantities, it is the measurement of the axial 
velocity of streaming and the absolute intensity of 
the sound beam which presents the major experi- 
mental problem. 

The measurement of the axial streaming velocity 
can be made in either of two ways: particles can 
be suspended in a liquid in order to make the 
streaming visible and the velocity measured with 
the aid of intermittent photography; or the velocity 
can be obtained by calculation from the measure- 
ment of the forces on a disk set in the stream. The 
latter method makes use of the well-known relation 
between fluid velocity and the force on a disk, 


Fs=Kpv (7) 


which obtains solely from momentum considera- 
tions. Viscous drag effects are eliminated inasmuch 
as the disk blocks the flow around itself. 

Actually both methods were used in the determi- 
nation of the streaming velocity. The constant of 
proportionality K, in the above expression, was 
determined experimentally by direct comparison 
with the velocity obtained by the photographic 
method for two liquids, water and carbon tetra- 
chloride. As was expected, the value of the constant 
reproduced over a wide range of velocities. The 
more convenient disk method could then be used 
henceforth for all other liquids for which the 
geometry of the experiment was identical. 

The‘use of the force on a disk for measuring 
streaming velocity conveniently lends itself to the 
simultaneous determination of the intensity of the 
sound beam. A disk suspended in a sound beam 
will, in general, be acted upon by the force of 
radiation pressure as well as by the force of stream- 
ing. The force of radiation pressure is given by, 


Fp=2nIRr*/c, (8) 


where J is the incident intensity of the sound beam 
and R is the reflection coefficient of the disk.*** 


*** The discussion of streaming in the previous section 
neglects the possibility of reflection. In the presénce of sound 
reflection of relatively small intensity, the effective intensity 
is given by the difference between the incident and reflected 
intensities. 
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SECOND VISCOSITY OF LIQUIDS 


The use of radiation pressure to determine the 
intensity in a sound beam is a well-known method, 
but the fact that both radiation and streaming 
forces act simultaneously on the disc has long 
plagued investigators who were interested only in 
measuring the sound intensity. 

The separation of the two forces can be effected 
by making use of the inertia-of streaming. While 
radiation forces respond instantly to abrupt changes 
in sound intensity, the streaming velocity has a 
relatively long time constant. Hence a force- 
measuring device, capable of rapid response, will 
differentiate between the effects of radiation and 
of streaming. 

A sample recording of the forces on the disk is 
shown in Fig. 2. Initially, the source was turned on; 
the abrupt rise is proportional to the force produced 
by radiation pressure; the slow increase represents 
the force on the disc as the streaming velocity 
increases and eventually approaches a maximum 
exponentially. On interruption of the source, the 
decay is analogous to the growth. Hence, the two 
effects of radiation and of streaming are separated 
but still may be measured practically simultane- 
ously. 

The actual determination of the ratio of the two 
viscosities is best illustrated by examining some 
typical data. Figure 3 gives a number of observa- 
tions obtained for carbon tetrachloride at different 
sound intensities during one series. The abscissa of 
each point is the force on the disk (in dynes) due 
to radiation pressure. The ordinate of each point is 
the square root of the force of streaming on the disk. 
The ordinate is proportional to the streaming 
velocity; the abscissa is proportional to the sound 
intensity. 

The slope of the curve shown in Fig. 3 like all 
others studied, surprisingly possesses two values, 
one at low sound intensities and one at high. The 
reason lies in the difference between laminar and 
turbulent streaming which is discussed at greater 
length in a succeeding section. The theory of 
streaming clearly applies only to laminar flow; 
hence the need for obtaining data in the form 
shown in the sample which clearly defines the two 
flow regions. 


B. Apparatus for Studying the Viscosity Ratio 


The apparatus used for these measurements is 
shown schematically in Fig. 4. The disk is mounted 
on a vertical magnesium deflection arm which is 
suspended by a stiff horizontal suspension ribbon. 
The deflection of the disk which is proportional to 
the force is electrically recorded by a variable 
reluctance device, consisting of an iron slug which 
changes the inductance of one of two iron core 
inductances forming part of an alternating current 
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inductance bridge. The unbalance voltage is ampli- 
fied and applied to a recording galvanometer. 

The system was calibrated before and after each 
measurement by deflecting the suspension with a 
known force. A fine glass fiber is arranged in such 
a manner that its known bending force (of the 
order of 0.2 dyne) can be applied to the suspension. 

The suspension is damped by an unconventional 
procedure. A tiny permanent magnet is mounted 
on the suspension; an electro-magnet mounted on 
the suspension support attracts or repells the mag- 
net depending on the polarity of the polarizing 
voltage. The polarizing voltage is obtained after 
suitable amplification, from the derivative of the 
current supplied to the recording galvanometer. 
By varying the amount of the polarizing voltage the 
exact amount of the damping can be controlled. 
Usually the equipment was operated slightly under- 
damped rather than at critical damping. 

Interchangeable disks, semitransparent to sound 
were used. These consisted of thin aluminum foils 
mounted on supporting rings. The accuracy of the 
final measurement is dependent on the accuracy 
with which the reflection coefficient of the various 
foils is known. These reflection coefficients were 
calculated using the usual expression for the 
reflection at normal incidence from a thin plate: 


[p161/ p22 — p2t2/pici 
4 cot?wr/c+[ pici/p2ce+ p2C2/ pci | 





(9) 


in which 7 is the foil thickness; the subscripts 1 and 
2 refer to the liquid and to the aluminum. The 
practical application of this equation to thin foils 
was tested by measuring the reflectivity as a 
function of thickness for a wide variety of aluminum 
foils ranging in thickness from 2.5 X 10~ to 10? cm. 








Fic. 4. A schematic diagram of the construction of the 
apparatus. The deflection of the disc produces an unbalance 
in the variable reluctance bridge located at the top. 
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Deviations from the above equation were found 
only for the foils which were thinner than 10-* cm. 
The thinner foils were found to reflect more than 
is predicted, presumably owing to the slight contri- 
bution of the supporting ring. The foils used for the 
actual measurement were thicker than 10-* cm. 


V. THE RATIO OF THE VISCOSITIES 
A. The Measured Viscosity Ratios 


Table I summarizes the results of the determination 
of the viscosity ratio for a number of liquids. 
Several important conclusions are immediately 
evident from an inspection of the values in Table I: 
first, the viscosity ratios for all of the liquids studied 
have positive values rather than the value —3 which 
is predicted for an ideal gas. Secondly, the value of 
the ratio varies widely; there is no direct correlation 
between shear viscosity and dilatational viscosity. 
Thirdly, the value of the coefficient of dilatational 
viscosity for most liquids is considerably greater 
than the coefficient of shear viscosity; in benzene 
and carbon disulfide the dilatational viscosity is 
more than 100 times the shear viscosity. Clearly 
the ideal gas theory applied to the dilatational 
viscosity in liquids is a poor approximation. 


B. Viscosity Ratios from Sound Absorption Data 


Section II discussed the possibility of obtaining 
values for the dilatational viscosity with the use of 
absorption data. Absorption data for a number of 
liquids are given in Bergmann’s book;’ data on 
absorption in water has also been obtained from 
Pinkerton’s work.* The consistency of the absorp- 
tion measurements of liquids with the exception of 
water are rather poor. Water has been investigated 
with considerable care by several workers and 
Pinkerton’s measurements are undoubtedly an 
excellent example as well as being the latest pub- 
lished work; his value is also in approximate 
agreement with previous work. 

In accordance with the discussion in Section I], 
calculations were made assuming the observed 
sound absorption resulted exclusively from viscous 
dissipation. The values obtained in this manner 
with the aid of Eq. (4) are listed in the last column 
of Table I. It is seen that these values, in general, 
agree with those obtained from the present experi- 
ment within the consistency of the absorption data. 
In the case of water for which there exists reliable 
absorption data the agreement is excellent. This 
general agreement presents strong evidence that 
the major part, if not all, of the sound absorption in 
most liquids is a result of viscous dissipation;**** 

7™Ludwig Bergmann, Der Ultraschall (Edwards Brothers, 
Inc., Ann Arbor, 1944). 

J: Pinkerton, Nature 160, 128 (1948). 


* One exceptional liquid is sea water. Recent work has 
shown that in addition to sound absorption resulting from 
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the Stokes theory is found to agree with observation 
of liquids provided the dilatational as well as the 
shear viscosity is included in the calculation. 


C. Temperature Dependence of the Viscosity Ratio 


The data given in Table | were all taken with 
the temperature at approximately 17.4°C. The room 
temperature of the ‘underground room in which 
these measurements were performed conveniently 
remained constant to within a few tenths of a 
degree and no attempt was made to control the 
temperature more precisely. 

A set of observations were made on water to 
ascertain the temperature dependence of the vis- 
cosity ratio of this substance. The temperature was 
varied from 4°C to 25°C and the viscosity ratio 
measured at 2° intervals. Although the shear 
viscosity of water varies by the factor 2 in this 
temperature range, the viscosity ratio showed no 
significant variation. Absorption data for water as 
a function of temperature*® also lead to the same 
result. 


D. Frequency Dependence of the Viscosity Ratio 


It will be noted that most of the liquids were 
studied at the five megacycle frequency; some 
were studied at two megacycles and a few were 
studied at both frequencies. The choice of fre- 
quencies was dictated by the magnitude of the 
viscosity ratio. Increasing the frequency increases 
the streaming force$. Hence, liquids having small 
viscosity ratios were studied at five megacycles; 
liquids having very large ratios were more conveni- 
ently studied at two megacycles; intermediate 
ratios could be studied at both frequencies. 

Of the three liquids studied at the two fre- 
quencies, one liquid, ethyl formate, showed a 
remarkable dependence on frequency; the ratio 
increases with decreasing frequency. In order to 
explore this phenomenon further, additional meas- 
urements were made. The viscosity ratio of ethyl 
formate was found to be 15, 22, 31, and 85, at the 
respective frequencies 5, 4, 3, and 2 megacycles. 

This behavior of the viscosity ratio may be 
explained if the assumption is made that the 
dilatational viscosity mechanism possesses a relaxa- 
tion time which is considerably greater than that 
of the shear viscosity. (The relaxation time of the 
shear viscosity is usually assumed to be the mean 
free travel time of the molecules, of the order of 
10-" second.) This assumption of the relaxation 
time influences the frequency dependence of the 
streaming velocity. From Eg. (5) the streaming 
the two viscosities, absorption at frequencies below one 
megacycle results from a chemical reaction involving one of 
the dissolved salts. Another well known exception is mercury, 


whose sound absorption results largely from its high heat 
conductivity. 
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velocity is proportional to 
(2+1n'/n)w? = (4/3+«/n)w; (10) 


where « is defined as n’+2n/3. If the dilatational 
viscosity mechanism exhibits relaxation, the term 
xw?/n in the above expression should be replaced by 


nw?/n(1+w?6?) (11) 


in which @ is the relaxation time of the dilatational 
viscosity. In case Eq. (5) is applied without modi- 
fication to streaming data where relaxation exists 
the viscosity ratio will be found to apparently 
decrease in the region of relaxation and to approach 
the limiting value — 3 at extremely high frequencies. 
The application of the modified Eq. (5) to the 
ethyl formate data is found to give the approxi- 
mately constant value n’/n=700 at. the four fre- 
quencies. The relaxation time, 8, which was chosen 
to give the best fit, is 210-7 second. 


VI. DISCUSSION 
A. Dilatational Viscosity and Molecular Theory 


It might be satisfying, if at this point a molecular 
model of dilatational viscosity could be presented. 
Considering the complexity of the structure of 
liquids it is not surprising that none can be given 
which has a real foundation in fact. There have, 
however, been numerous attempts in the past to 
formulate a molecular theory of shear viscosity in 
liquids. A brief review of a current theory is of 
interest in that it is indicative of the form which 
future theories of dilatational viscosity will un- 
doubtedly assume. 

The usual theory of shear viscosity assumes a 
liquid to be constructed of molecules which are 
bonded to one another but which may change 
equilibrium positions under the action of a shearing 
motion. The introduction of a relaxation time or 
transition probability for the transition process, 
following the Poisson-Maxwell procedure, gives the 
dependence of viscosity on the rate of shear. The 
number of molecules possessing sufficient energy to 
effect bond rupture, and hence transition, depends 
on the Boltzmann expression, exp(—B/RT), which 
leads to a reasonably correct temperature depen- 
dence of shear viscosity for some liquids, 


nr =n exp(B/RT). 


In a similar manner it might be proposed that 
dilatational viscosity is a result of molecular rear- 
rangement induced by compression or dilatation. 
Presumably there would exist in a liquid two or 
more stable molecular configurations possessing 
different energies. Transitions between these states 
would be actuated by compression (or dilatation). 
A dependence of viscous dissipation on the rate of 
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compression results as above from a finite relaxation 
time for the transition process. The temperature 
dependence of this process would be expected to be 
given by the Boltzmann expression just as in the 
shear viscosity model. Inasmuch as the activitation 
energy, B, of the process would be expected to be 
nearly the same as that for the shear process, the 
temperature dependence of the two viscosities 
might be expected to be nearly identical ; this would 
agree with the observed equivalence of the temper- 
ature dependence of the shear and dilatational 
viscosities in water (see Section V, Part C). The 
similarity of the activiation energies of the two 
processes would not preclude large variations in 
the viscosity ratio; the magnitude of the viscosity 
depends on the relaxation time as well as on the 
activation energy of the process. 


B. Flow Phenomena Associated with Acoustical 
Streaming 


The hydrodynamics of the observed acoustical 
streaming is of interest quite apart from the study 
of dilatational viscosity. Several unusual phenom- 
ena are apparent from a study of the motion of the 
fluid: As can be seen from Fig. 3, the relationship 
between sound intensity and fluid velocity is not 
the same for all values of the sound intensity; 
instead there appear to be two clearly defined flow 
regions. In both regions the flow velocity is a linear 





Fic. 5. A photograph of acoustical streaming similar to that 
shown in Fig. 1. A portion of the streaming has been enlarged 
in order to show that, surprisingly, the particle tracks are 
sinuous. It is believed that the particles rotate, which results 
in an epicycloidal motion. 
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function of the sound intensity but with different 
constants. 

This behavior is strongly reminiscent of laminar 
and turbulent flow. For example, fluid flow in pipes 
is proportional to the pressure head up to a critical 
velocity; beyond this velocity the flow becomes 
turbulent and the constant of proportionality 
changes, or the relation may even be no longer 
linear. Such an explanation of the two flow regions 
in acoustical streaming has one disturbing feature: 
The Reynolds’ Number at the critical streaming 
velocity is of the order of 100 which is a factor 20 
less than the generally accepted value. Possibly 
the Reynolds’ criterion for turbulence must be 
modified when applied to vortex motion of this 
kind. Visual inspection with the aid of dye or 
suspended particles exhibits no striking change 
during the transition between the two flow regions. 

Photographs of the suspended particles in the 
stream show two phenomena which have not been 
mentioned earlier. It is apparent in Fig. 1a that 
the streaming lacks symmetry about a vertical line 
through the center of the photograph. On the other 
hand, Eckart’s theory of streaming would predict 
perfect symmetry about the median line. Eckart has 
suggested® that this phenomenon may be related to 


® Carl Eckart, private communication. 


4th-order terms which were neglected in the theory, 
The significant 4th-order terms would take into 
account inertial effects in the fluid flow. In addition 
to disturbing the symmetry the magnitude of these 
terms at high fluid velocities might also be sufficient 
to disturb the linear relationship between fluid 
velocity and sound intensity. If this were the case, 
the linear relationship would be approached asymp- 
totically with decreasing sound intensity. These 
4th-order terms should become significant at a 
Reynolds’ Number of about unity. 

Another phenomenon associated with acoustical 
streaming may be seen in Fig. 5. This photograph 
is similar to Fig. 1 except that a portion of the 
acoustical streaming has been enlarged in order to 
make visible the individual tracks of the suspended 
particles. Close inspection shows that, surprisingly, 
each track is sinuous. It is believed that each 
particle rotates about an axis which is displaced 
from its center; when combined with translation 
this motion would be epicycloidal. The explanation 
for the rotation of the suspended particles is not 
obvious and this phenomenon must be given 
further study. 

The author is indebted to Messrs. Stanley Lai 
and Victor Anderson for assistance in experimental 
work. He also wishes to express his appreciation to 
Professor Carl Eckart for valuable discussions. 
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The diffraction of a scalar plane wave by an aperture in an 
infinite plane screen is examined theoretically. The wave 
function at an arbitrary point of space is expressed in terms 
of the discontinuity in its normal derivative at the screen, 
where the boundary condition is that of vanishing wave 


function. An integral equation for the discontinuity in normal 


derivative (or the residual function which measures its devi- 
ation from the simple distribution appropriate to a com- 
pletely infinite screen) is the result of applying the boundary 
condition to the space wave function. Utilizing the integral 
equation (whose solution is generally unobtainable), the 
diffracted spherical wave amplitude at large distances from 
the aperture is cast into a form which is stationary with 
respect to small variations (relative to the correct’ values) of 
the residual functions arising from a pair of incident waves. 


An homogeneous expression for the amplitude is exhibited 
wherein the part independent of the residual functions defines 
a Kirchoff approximation. The connection with another 
stationary form of the amplitude, involving a pair of aperture 
wave functions, is examined. A variational expression for the 
plane wave transmission cross section of the aperture is based 
on the amplitude observed in the direction of incidence. The 
variational formulation is applied for a wave incident normally 
on a circular aperture. By comparison with the exact results 
available for this problem, it appears that use of simple 
residual functions in the variational formulation yields ap- 
proximate, yet accurate expressions for the diffracted ampli- 
tude and transmission cross section over a wide range of 
frequencies. 





I, INTRODUCTION 


N a previous paper of the same title,! the dif- 
fraction of a scalar plane wave by an aperture 
in an infinite plane screen was described in terms of 
a variational principle. The viewpoint adopted in 
this formulation regards the aperture as a coupling 
surface of the half spaces on opposite sides of the 
screen. For a boundary condition of vanishing wave 
function on the screen, the amplitude of the dif- 
fracted spherical wave at large distances from the 
aperture is exhibited in a form which is stationary 
with respect to small variations (relative to the 
correct values) of the aperture fields arising from a 
pair of incident waves. 

The purpose of this paper is to develop a second 
variational principle for the diffracted amplitude by 
considering the screen as an obstacle to the propa- 
gation of the incident wave through free space. 
With the same boundary condition as previously, 
a pair of discontinuities in normal derivative of the 
fields at the screen appear in the role of functions 
which, render the variational expression stationary. 
(Such functions are analogous to the surface cur- 
rents excited on a perfectly conducting screen by 
incident electromagnetic waves.) 

For explicit construction of the second varia- 
tional principle, it proves convenient to deal with 
the residual functions which measure the deviation 
of the discontinuities in normal derivative from the 
simple distributions appropriate to a completely 
infinite screen. This procedure leads directly to the 
desired spherical wave amplitude in the radiation 
field of the screen, as distinct from the plane wave 
part of the radiation field that exists even in the 


absence of the aperture. 


1H. Levine and J. Schwinger, Phys. Rev. 74, 958 (1948); 
hereafter referred to as I. 


The diffracted spherical wave amplitude is shown 
to be invariant with respect to reversal in the sense 
of excitation and observation along a pair of direc- 
tions in space. With the assistance of this reciprocity 
relation, the amplitude is exhibited in a form which 
is stationary for small independent variations (re- 
lative to the correct values) of a pair of residual 
functions arising from excitation along the fore- 
going directions. Following a scale transformation 
of the residual functions, this relation is converted 
to a homogeneous form. A part of the diffracted 
amplitude, independent of the residual functions, is 
identified as the Kirchoff approximation for it is 
the result obtained by ignoring the influence of the 
aperture on the discontinuity in normal derivative 
of the wave function at the screen. 

The plane wave transmission cross section of the 
aperture is related to the imaginary part of the 
spherical wave amplitude observed in the direction 
of incidence, and hence retains the stationary 
property. In the limit of vanishingly small wave- 
length, A, compared to the aperture dimensions, the 
Kirchoff part alone contributes and the geometrical 
optics form of the cross section emerges. At long 
wave-lengths the cross section varies with )\~? 
except for the correct residual functions, unlike the 
behavior of the earlier variational form of the 
cross section, where the A~* variation is obtained 
with any real aperture field (subject to the boundary 
condition at the rim of the screen). Thus the two 
variational principles are individually adapted to 
opposite extremes of wave-length, and their over-all 
compatibility indicates the departure from a correct 
solution. 

The variational formulation developed below is 
applied in detail for a plane wave normally incident 
on a circular aperture. Numerical values of the 
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Fic. 1. Diffracting aperture in a plane screen. 


transmission coefficient (transmission cross section/ 
area of aperture) based on a relatively simple form 
of residual function are found to exhibit a high 
order of accuracy; it may also be noted that the 
Kirchoff procedure affords a reasonably satisfactory 
approximation. 


Il. INTEGRAL EQUATION FORMULATION FOR AN 
APERTURE OF ARBITRARY OPENING 


We consider an infinitesimally thin plane screen 
Se, of infinite extent, which is perforated by an 
aperture S;. A rectangular coordinate system is 
chosen with origin at some point of the aperture, 
and oriented so that the screen lies in the x,y 
plane (Fig. 1). 

A plane wave is incident on the screen in the 
half-space z<0, and it is desired to investigate the 
diffracted field. The incident wave, propagating in 
the direction #’, ¢’ (#’ measured from the positive 
direction of the z axis, and g’ from the positive 
direction of the x axis, in the x,y plane) is described 
by the scalar wave function 


¢i"°(r) =exp(tkn’ -r) =exp[4k(x sind’ cosy’ 
+y sind?’ sing’+z cos’) ], (2.1) 


where n’ is a unit vector in the direction of propa- 
gation, k=27/d is the free space propagation 
constant, and \ the corresponding wave-length. 
The harmonic time dependence exp(—iwt), w=kc, 
with ¢ the velocity of wave propagation, is omitted 
throughout. 

The wave function describing the complete 
(incident+ diffracted) field satisfies the wave equa- 
tion 


(V?+-k*)o(r) =0 (2.2) 


at all points of space, and is subject to the pre- 
scribed boundary condition 


¢(r)=0, ron S2; (2.3) 


in addition, the wave function and its normal 
(i.e., 2) derivative vary continuously on passing 
through the aperture. 

Pursuant to a description of the screen as an 
obstacle imbedded in free space, we apply Green’s 


‘second scalar identity, 


[rem newe+enece) 
~$(r')(V2-+k2)G(r', x) dr’ 


= [CG0', n(a/anyo(r’) 
—(r’)(0/dn')G(r’, r) ]dS’, (2.4) 


to the wave function ¢(r) and free space scalar 
Green’s function, 


G(r, r’) =exp(tk|r—r’|)/4r|r—r’| =G(r’, r), (2.5) 


within the domain bounded by the surfaces S_, S, 
and parts of the respective faces of the screen 
(Fig. 2); the derivative is taken along the outward 
normal at each point of the bounding surface. 

By virtue of (2) and the wave equation for the 
Green’s function, 


(V?+k?)G(r, r’) = —d(r—r’), (2.6) 


where 6(r) is the three-dimensional Dirac delta 
function, the volume integral in (4) yields simply 
¢(r). 

If the surface S, on the far side of the screen 
(z>0) is sufficiently remote, the wave and Green’s 
functions there exhibit the behavior of spherical 
waves diverging from the aperture and field point 
r, respectively, and the surface integral in - (4) 
vanishes. Moreover, for a similarly disposed surface 
S_ on the near side of the screen (<0), where the 
wave function describes incident and specularly 
reflected plane waves appropriate to a completely 
infinite screen (i.e., with no aperture), viz. : 


p (r) =pire(x, y, 2) —pi2e(x, y, —2), 
(g(x, y, 0) =0, (2.7) 


in addition to a spherical wave diverging from the 
aperture, it is only ¢(r) which contributes to the 
surface integral in (2.4). Thus, utilizing the boundary 
condition (2.3) and taking account of the oppositely 
directed normal derivatives at the two faces of the 
screen, we obtain for the wave function at an 
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arbitrary point in the enclosed region, 


o(r)= | ([G(t, 2’)(d/dn’)o(r’) 
; = 
—$(r’)(0/dn’)G(r, r’) Jd S’ 
+ W(o')G(r; x’, y’, O)dS’, (2.8) 
[Sa] 
with 


Here @ denotes a position vector in the x,y plane, 
and [.S:] that portion of the screen encompassed 
by the integration contour (ultimately all inclusive). 

In the absence of an aperture, the result of 
applying Green’s second scalar identity to the 
functions ¢(r) and G(r, r’) within the region 
bounded by S_ and the screen, is 


f G(r, r’)(3/an’)6(r) 


—$ (r’)(0/dn’)G(r, r’) Jd S’ 


+ W(0’)G(r; x’, y’, 0)dS’ 
[Se] 


+ WY (0’)G(r; x’, y’, 0)dS’ 
Si 
=¢%(r), z<0, 


=0, z>0, (2.10) 


where, by (2.1), (2.7) 


©) (r) = 27 sin(kz cos?’) exp(zkn’- 0), 
VY (9) = (0/dz)p (x, y, —0) 


= 2tk cosd’ exp(ikn’-o). (2.11) 


Hence, on subtracting (2.10) from (2.8), we obtain 


¢(r), 2>0 0 
10-(8 IL 
o(r), <0 (rr) 


+] [¥(0’)—¥(0) G(r; x’, y’, O)dS’ 


Se 
m f Y(9")G(r; x’, y’, OS’, (2.12) 
S1 


where integration over the entire screen is permis- 
sible, since Y— WY vanishes at a point infinitely 
removed from the aperture. Introducing: 


V(o) — Y (9) = 27k cos?’yn- (0) (2.13) 


(with dependence of Ya on the direction of the 
incident plane wave indicated explicitly) and 
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employing (2.11), Eq. (12) takes the form 


sid | 0 
g(r) J) al 





va (o’)G(r; x’, y’, 0)dS’ 


Se 


+2tk cosv’ 


-f exp(ikn’- 9’)G(r; x’, y’, nas’. (2.14) 
81 


The wave functions ¢, ¢™ in (14) are equal at 
any point of the aperture, since ¢™ is an odd func- 
tion of z and vanishes in the plane of the screen. 
Furthermore, with the Fourier integral representa- 
tion of the Green’s function (I, 2.5), it follows that 


(d/dz)G(x, y, 0; x’, y’, 0) 


1 @ 
=F f exp {i[ke(x—x’) +hy(y—y’) ]}dhedhy 


1? J.» 
= F48(x—x')8(y—y’'), 
where the upper and lower signs apply for z->+0, 
z——0, respectively; thus, from (14) 
(0/dz)o (x, y, 0) 0 
peo (x, y, 0) | . | 2ik cosd’ exp(tkn’ - o) | 


1k cosd'| pa (9’) (x —x’)6(y—y’) dS’ 


S2 


— | exp(tkn’-0’)5(x—x’)d(y -y’yas'| 
S1 


S, 











Senne 











S, 


Fic. 2. Integration domain for Eq. (2.4) 
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Using familiar properties of the delta-function, we 
obtain 


(8/dz)¢(x, y, 0) = (0/d2)6 (x, ¥, 0) 

= (0/dz)pin°(x, y, 0), 
for a point in the aperture (compare I, 2.14), and 
(after subtraction) the relation (2.13) for a point on 
the screen. Finally, by imposing the boundary con- 
dition (3) on either of the wave functions (14), we 
arrive at the integral equation 


¥a(9’)G(0, 9’)dS’ 
Se 
-{ exp(ikn’- 9’)G(e, 9’)dS’, gon Ss, 
Si 
G(o, 0’) =G(x, y, 0; x’, y’, 0), 


9 in Si 


(2.15) 


to determine y~a(o) and thus, from (14), the wave 
function at any point of space. 

According to (2.15), the projection of n’ on the 
x,y plane distinguishes each function ya corre- 
sponding to a given direction of incidence. In par- 
ticular, with excitation restricted to the half-space 
<0, a reversal in the sign of n’ implies an increase 
by z in the azimuthal angle g’. By invoking the 
reflection symmetry with respect to the plane of 
the screen, this sign reversal can be ascribed to 
excitation in the direction opposite to n’. 

As in I, we shall confine our attention to the 
properties of the diffracted field at distances from 
the aperture large compared to its dimensions and 
the wave-length. Since a rigorous and explicit 
solution of the integral Eq. (2.15) is not generally 
feasible, the far field amplitude will be cast into a 
form which is insensitive to small deviations of the 
assumed solutions from the correct ones. 

Inserting the asymptotic form of the Green’s 
function 


G(r, r’)~vexp(tk {r—n-r’})/4xr, (2.16) 


in (14), we obtain the transmitted field in the form 
of a diverging spherical wave, 


o> (r)~A (n, n’) (e**/r), 


with the directionality factor 


r— 00 


T— ©, 


(2.17) 


tk cosd’ 





A(n, n’)= Wa (o) exp(—tkn- o)dS 
So ° 


T 


-{ exp k(n’—n) -9)a} (2.18) 
Si 


It is clear from (2.14), (2.18) that an identical spher- 
ical wave appears along the direction obtained by 
reflecting n in the plane of the screen. 

The transmission cross section of the aperture 
for a plane wave is calculated from the diffracted 
amplitude in the direction of incidence by the 
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relation developed in I, namely, 
o(n’) = —(21/k)ImA(n’, n’). 
III. VARIATIONAL PRINCIPLE FOR DIFFRACTED 
WAVE AMPLITUDE 


Multiplying both sides of (2.15) by yYa-(o) and 
integrating over the screen, we find 


(2.19) 


va (0)G(0, 9’) pn (9’)dSdS’ 


S2 


“ J Yoo 


“2 


G(e, e’) exp(tkn’: 9’)dS’ 


ya'(o)dS | G(o, 9’) exp(tkn’’-9’)dS’ (3.1) 


S2 S] 


with recognition of the symmetry exhibited by the 
first term in n’, n” (or the angular coordinates 0’, g’ 
and 3”, ¢’’). Further, by invoking the additive 
nature of integration in the domains S;, Se, and 
with recourse to (2.15) once again, it follows that 


yn (o)dS | G(o, 9’) exp(tkn”’: 9’)dS’ 


Se Sj 


on G(e, 9’) exp(tkn’’- 9’)dS’ 
Si +S 


“y Yo(oAS Glo, exp(ién’”-0)a 


. f yr(o)dS{ Go, 9”) exp(ikn’’- p')dS’ 
S S1+S82 


2 


_ f exp(tkn’-0)dS f G(e, 0’) exp(tkn’’- 9’)dS’ 
S} 82 


- f yu(p)dS 
S Si +89 


2 


G(o, 9’) exp(ikn’’- 9’)dS’ 


_ f exp(tkn’- 0)dS G(o, 0’) 
Si S1+S2 


Xexp(ikn”- 9’)dS’ 


+f exp(tk(n’-o-+n’’-9’))G(0, 9’)dSdS’. (3.2) 
Si 
The integration in S:+S2 is conveniently per- 


formed by use of the Fourier integral representation 








exp(ik| o—0’|) 
Go, 0’) = : 
4r|o—o’| 
° a . k.(x— r ky _ 
+ exp[t {k.(x—x’) +hy(y YN Via dy 
82? J. (k?—k,?—k,?)* 
arg(k?—k,?—k,?)t>0; (3.3) 
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thus 


f G(o, 0’) exp(ikn” - 9’)dS’ 
S1+Se2 


ir” 
“2 J 5(kz— km’) 5 (ky — ky’) 


exp[t teeth} ] 
(k?—k,?—ky2)! ” 2k} cos#””| 


(where nz’, ny’ denote components of the vector 
n” along the x,y directions, respectively). Hence 
the relation (2) becomes 


*, exp(zkn”’ - 0) 








(3.4) 


va (o)dS | G(@, 0’) exp(ckn’’- 9’)d.S’ 


S2 i S1 


=[i/2k|coso" | f ya (o) exp(ikn”’- o)dS 
S2 
f exp(ik(n’ +n”) ods] 
Si 


+] exp(tk(n’-o+n’”-9’))G(0, 9’)dSdS’ 
S1 


and from (3.1), (2.18), 


va (0)G(0, e’)P-n(o’)dSdS’ 


S2 


—] ¥a-(e)dS J Glo, 9’) exp(—ikn’: 9')dS’ 


So Sj 


— | v-a-(o)dS | G(o, 0’) exp(ckn’- 9’)dS’ 


Se S1 
= —[2/k? cosd’ cos?” | 
< [A (n”", n’)—Ax(n’”, n’) ] 
= —[2/k? cosd’ cosd’”’ ] 
X[A(—n’, —n”)—-Ax(—n’, —n”)] (3.5) 


OF DIFFRACTION 





A(n”, n’) =Ax(n”, n’)+[R? cosd’ cosd’’/r ] 


( ’ v(oas f Glo, 0’ exp(—ikn"- 45’) ( f 
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with 
Ax(n”, n’)=Ax(—n’, —n”) 


= —[k? cosd’ cos?’”"/r] 


x J exp(tk(n’-e—n’’-9’))G(o, e’)dSdS’. (3.6) 


1 


The expressions (3.5), (3.6) apply for 3’, 3’ <2/2, 
since the absolute value signs have been discarded ; 
the remaining amplitudes are readily obtained by 
means of the reflection symmetry in the plane of 
the screen. With omission of Ya, Ya, or equiva- 
lently, on employing the wave functions appro- 
priate to a completely infinite screen, the amplitudes 
A, Ax are identical. Ax may thus be described as a 
Kirchoff approximation for the diffracted ampli- 
tude, since it disregards the modification of the 
fields occasioned by the presence of an aperture. 
This Kirchoff approximation is to be distinguished 
from the more familiar type, in which aperture and 
incident fields are identified, with disregard for the 
presence of the screen. 

Equality of the amplitudes A(n”’,n’) and 
A(—n’, —n’) (or the corresponding Kirchoff am- 
plitudes) describes a reciprocity condition for inci- 
dence and observation along a pair of directions in 
space. 

On performing independent variations of ym, 
y_n in (3.5), it is found that a stationary value of 
A(n”,n’) obtains, provided these functions obey 
integral equations of the form (2.15). If we intro- 
duce the scale transformations 

Ya (e)—aya(o), p-n(e)—8Y-a(o) 
(a=8=0 for the Kirchoff approximation) and apply 
the stationary requirement to the determination of 


a, 8, we arrive at a variational .expression for 
A(n”,n’), 


gan(gtSf Cle. eexpGne’- eas’) 
2 Si 


» (3.7) 





x 


f ya(0)G(6@, @’)¥-a-(o")dSdS’ 


which is homogeneous in Ya, p—n. 

A comparison of the two variational principles for 
the spherical wave amplitude is instructive; to this 
end, we recall the equations (I, 2.11, 2.12) 


o(r)= | o(0’)(0/d2’)G(r; x’, y’, O)dS’,, (3.8) 
Si 





(1) =o(r)— J o(0’)(0/d2’)G(r; x’, y’, O)dS’, 
S1 
(3.9) 


for the wave function at any point of space in 
terms of its values in the aperture. In accord with 
(2.9), (2.13), we obtain on differentiating (3.8), (3.9), 
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V(0) — ¥ (9) = 27k cosdyn(e) 
=—2] ¢n(o’)K(o, 0’)dS’, 
Si 


and hence 


ya(o) = (i/k cos8) J on(o’)K(e, e’)dS’, (3.10) 
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where 


K(o, 9’) = (0/02) (d/d2’)G(x, y, 0; x’, y’, 0) 
=K(o',). (3.11) 


The relation (10) may be adopted as a general form 
of the residual function, to be evaluated with an 
assumed aperture field. If this be inserted in (3.5) 
and the resulting expression transformed after the 
fashion of (3.2)—(3.4), it turns out that 


1 
A(n”, n’) -+| on (0) K (0, 0’) b-n-(0’)dSdS’ +ik cosy! f o-n(o) exp(tkn’- o)dS 
Tv Si 


S1 


1 
+1k cosa” f gn (0) exp(—iin”- dS] ~~ fl gu (0) K (0, 0) dS” 
S} SiLY Sy 


us 


—ik cos’ exp(tkn’- o) {eve | f K(o’, 0’) ¢—n(0""’)d S’"’ —ik cosd”’ exp(—tkn” - 9’) Jasas. 
8S; 


We observe that with aperture wave functions 
which satisfy the exact integral equation 


f on(o’)K(o, 9’)dS’ =ik cosd exp(ikn- 0), 

s 

: gon S, (I, 2.9) 
(obtained by equating the z derivatives of (3.8), (3.9) 








in the aperture), only the first three terms in the 
preceding equation remain; more generally, on 
retaining just these terms, the amplitude A (n”, n’) 
is stationary with respect to variations relative to 
the exact aperture wave functions. Following a 
scale transformation of the trial wave functions, 
the resulting amplitude . 


(4/k?) | ou-(e)K(o, 0’)d-n(9’)dSdS’ 


1 Si 


(I, 3.2) 





A (n”, n’) 


is identical with that derived from the variational 
principle in I. Thus, a practical measure of prox- 
imity to the correct solution is obtained from the 
over-all discrepancy in the two variational prin- 





o(n) =ox(n) —2k cos*dIm 


cos?’ cos?”’ f gu (p) exp(—zkn’’- 0)dS J g-—n (9) exp(tkn’- o)dS 
Si 1 





ciples, following the use of assumed trial functions. 

Combining (2.19) with (3.6), (3.7), the trans- 
mission cross section of the aperture for a plane 
wave incident in the direction n assumes the form 


n(o)dS G(o, 0’ —tkn-o’)dS’ —n f kn: 0’ P 
(fo f. bac atienai itn-o)45")( fv (ods {Glee} expvita-o' As") 


xX 





. @e 


; ya(0)G(0, e’)¥-n(0’)dSdS’ 


where 


ox(n) =2k cos*a Im 
8} 


is the Kirchoff contribution. 
To examine the behavior of the cross section at 


exp {tkn- (e— 9’) }G(9, 9’)dSdS’ 


(3.13) 





high frequencies, a convenient point of departure is 
the Fourier integral representation (3.3) of G(@, 0’). 
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‘Thus 


[ exp {ikn- (p—9') |G(o, o')d Sas’ 


= (/8n') f J expLi{a(x—2’)-+B(y—y’)}] 


- X [dk.dk,/(k? —kz?—ky?)* ]dSdS’, 
a= kzt+knz, B= ky+kn,, 

and, by virtue of the increasing oscillations of the 

exponential factor as k->~, the integration vari- 

ables x, y (or x’, y’) can be extended throughout the 

plane z=0, with the result 


f " exp {ikn-(e— 0") }G(0, o”)dSdS’ 
S1 


= | f exp[ —7{ax’+By’ } ]5(a)6(8) 
wo 


X (dkdk,/(k? — kz? —ky?)* ]dS’ 
=145,/2k cosd, ko, (3.14) 


where S; is the area of the aperture. 
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Owing to the delta-function character of G(o, 0’) 
in the limit of infinite frequency (cf. (3.3)), the second 
term in (12) tends to zero since the integration 
domains for the factors in its numerator are mutu- 
ally exclusive. Thus, from (3.12)—(3.14),* 

o(n)~ox(n)~S; cosd, kom, (3.15) 
in which the: last term contains the geometrical 
optics cross section, namely, the projected area of 
the aperture on a plane normal to the direction of 
the incident wave. 

Although the cross section in the limit of infinite 
frequency is rigorously obtained independently of 
the residual functions, the previous considerations 
imply that deviations in this quantity are inherent 
for all other frequencies unless the correct residual 
functions are employed. In particular, with a choice 
of real, frequency independent residual functions 
¥(o), unrelated to the direction of excitation, and 
use of the expansions 


G(o, o') =[1/4x| o—o'| ]+[ik/4a]----, 
exp(+7zkn-o)+1+ikn-e—---, k-0, 


we find as the leading term in the frequency expan- 
sion of the cross section (12), 


\2 





a(n) = (k?/27) cos*? | S;— 





The cross section (3.16) departs from the k* behavior 
characteristic of low frequencies, 
embodies the correct angular dependence (compare 
I, 3.7). Nevertheless, as shown in a later example, 
these low frequency deviations may prove insig- 
nificant when viewed on a scale appropriate to the 
over-all frequency variation of the cross section. 


IV. DIFFRACTION BY A.CIRCULAR APERTURE 


To illustrate the utility of the variational formu- 
lation, we describe an application for the case of 
normal incidence of a plane wave on a circular 
aperture. We calculate, in particular, the trans- 
mission coefficient of the aperture as a function of 
the characteristic parameter, ka=27(radius of 
aperture/wave-length). 

From (3.12), (3.13) the transmission coefficient 
for normal incidence on an arbitrary aperture 
becomes 














f/ Wow(o/lo—e'yasas’ 
\ So ) 
t=o(0)/Si:=tx —[2k/S,]Im 
although it 
( [ voasf ce, oas' ) 
S2 S] 
x , (4.1) 
¥(0)G(o, o’)¥(0')dSdS’ 
S2 
tx =(2k/S:)Im | G(o, o’)dSdS’, (4.2) 
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involving the single residual function ¥(@) (omitting 
subscript) which arises from plane wave excitation 
on opposite sides of the screen. 

For a circular domain S;, it is convenient to 
introduce polar coordinates p, ¢ in the plane of 
the aperture, with origin at its center, whence 
G(e, 9’) =G(p, 9; p’, o’) and ¥(o)=¥(p) is a func- 


* Observe that this result follows from (2.18), (2.19) with 
omission of the residual function. 
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tion only of the radial coordinate. The Kirchoff 
transmission coefficient tx is readily evaluated in 
this case with the aid of the integral representation 
(see I, 4.12), 


¢df 
Glo, #6", #) =— ~ fi 


(¢?—B2)# 
R=(p?+p'?—2pp' cos(y—¢’))!, 


where Jo denotes the zero-order Bessel function. 
The integration contour in (4.3) avoidsa singularity 
at {=k by an indentation below the singular point, 
and arg(¢?—k?)'=0, ¢>k; =—2x/2, ¢<k. Thus, 
employing the Bessel function addition theorem 


(4.3) 


Tol{R) = (2-800) In() Jal tp’) cosn(p— 9"), 


n=0 
0, p¥q 
pq= (4.4) 
1, p=q 


it follows that 


t= (2k/xa*)Im f G(p, ¢; p’, ’) pdpdgp'dp'dy’ 


S} 


= (2k/a*)Im f o(¢2—k2)-hdg 


x(f pJo(tede) 


Extracting the imaginary part of the latter ex- 
pression and performing the p-integration, we find 
after a change of variable, 


1 
tk= 2f (1—v?)—1J,?(kav) (dv/v), (4.5) 
0 
whence (see appendix) 
tk =1—(1/ka)J;(2ka) 
~}(ka)?, ka<i, 
~1, ka>1. (4.6) 


Numerical values of éx are given in Fig. 3, for 
the interval 0<ka<10, together with exact values 
of the transmission coefficient calculated by 
Bouwkamp (I, reference 5). A comparison of this 
Kirchoff approximation with one based on a con- 
stant aperture field (see I, Fig. 2) reveals that both 
approach the value unity at high frequencies and 
possess a k? behavior at low frequencies. The latter 
approximation, however, is distinctly less accurate 
for intermediate frequencies, failing to take values 
in excess of unity and exhibit characteristic oscil- 
lations of the diffraction curve. 

We consider next a more refined approximation 
to the transmission coefficient, deduced from the 
variational expression (1). A simple choice of fre- 





H. LEVINE AND J. SCHWINGER 


quency independent residual function is 
¥(p) = (a/p)*(1— (a/p)?)-4, 


featuring a characteristic (low frequency) singu- 
larity at the rim of the screen and decreasing with 
sufficient rapidity therefrom to ensure integrability 
over the entire screen. The integrals in the second 
term of (4.1) are again simplified with the aid of (4.3), 
(4.4). Thus 


(4.7) 


G(p, 9; p’, 9’) p’dp'dg’ 
8 


: ¥(p) pdpdy 


or i) , re —ee)-tae( J “(@/0)*(1- (0/0) 


xpJu(te)de)( J o'Ju(te*de') 


= ra? f (92k) (Sa)dt 
0 


xf (x? — 1)—4J9(¢ax) (dx/x). 
1 
To perform the x integration, we consider 


F(t) = f To(&e)(x?-1)-¥(de/x), F(0)=/2 


cae 


and observe that? 


dF/dt= -f Ji (&x) (x? —1)—Idx = —siné/é, 
1 
whence 


g 
F(&) = (2/2) -f (sinx/x)dx = (4/2) — Sié=szé, 
0 


where Si denotes the sine integral. 


Consequently, 
f ¥(p)pdpdy | G(p, 9; p’, ¢’)p’dp'dg’ 
Se Sj 
=7a*(Ri(ka)+ili(ka)), (4.8) 
with 
I,(a@) -{ Ji (x) (a? —x?)—tsixdx, 
‘ (4.9) 


R,(a) = f ” I(x) (x at) ~Isixidee. 


2G. N. Watson, A Treatise on the Theory of Bessel Functions 
(Cambridge University Press, London, 1945), p. 417. 
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Fic. 3. Transmission coefficient of circular aperture for normally incident plane waves, asa function 
of the parameter ka =2r (radius of aperture/wave-length). Scalar wave function assumed to vanish 


on the screen. 


In a similar fashion, we obtain 


J ¥()G(p, 9; p’, o)W(p’) pdpdgp’dp'dy’ 
= 7a3(R2(ka)+7t1e(ka)), (4.10) 


with 


I2(a) =f x(a2—2")-ssitds, 
7 (4.11) 
Ra(a)= f x(x? — a?)—hst2xdx. 


The result of inserting (4.6), (4.8), (4.10) in (4.1) 
yields as a first variational approximation to the 
transmission coefficient, 


tO =1—[J,(2ka)/ka ] 


— 2kal (2, RiRe— I2(Ri?—1y?))/(Re?+12?) J, (4.12) 
in which the argument, ka, of the functions J;, J2, 
Ri, Rez is omitted. The values of ¢® presented in 
Fig. 3 are based on numerical integrations of (4.9), 
(4.11), with appropriate modifications for the sin- 
gular point. A very accurate low frequency behavior 
is exhibited therein, although considerations of the 
previous section imply some residual k? dependence 


in t®), We have, in fact, 


I(a)=1a/4, I2(a)= wa/4 


Ri(a) = £ J,(x)six(dx/x) = (4/2) —1 





















a—0, 
Ri(a)+ f si?xdx = 3/2 | 
0 
whence, from (4.12), 
t= (1/2) (r—3)2(ka)?=0.010(ka)?, ka—-0. (4.13) 


(The same result is obtained from (3.16) for the 
case of normal incidence.) We may note that if the 
radical is omitted in (4.7), the coefficient of (4.13) is 
replaced by 0.041. From the over-all agreement of 
the end results in the two variational formulations, 
we may infer their proximity to that of an exact 
solution, quite apart from Bouwkamp’s work. 

The construction of analogous variational prin- 
ciples for the diffraction of electromagnetic waves 
by an aperture in a perfectly conducting screen 
will appear in a forthcoming paper. 

The assistance of Mrs. D. Abkowitz with nu- 
merical calculations is gratefully acknowledged. 
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APPENDIX 


To evaluate the integral 
1 
I= [ (1=v)-*J.%(@0) (do/0), 
0 
we introduce the representation 
J;7(z) = (1/x) f J2(2z sind)dd 
0 
and obtain, with the change of variable v=sing, 


[= (1/2n) f sin—'edg f Jo(2a sind sing)dd. 
0 0 


Regarding #, ¢ as the polar angles of a point on a 


unit sphere, we may write 


T=(1/2m) | x-Je(2ax)dw, 


z20 


where x=sin’ sing, dw=singdddy, and the inte- 
gration extends over the surface of the hemisphere 
on which x is positive. The replacement of x by 
z(=cosé) corresponds to a rotation of the coor- 
dinate system and does not affect the value of the 
integral. Hence 


[=(1/2n) { eee 
z20 
1 
= f pw Jo(2ay)du 
0 


— f d(Ji(2emu) /2ap) = $[1 — (Ji(2a)/ax) J, 
0 


which allows the verification of Eq. (4.6) in the text. 
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~ 


Energy values determined from curvature measurements of 75 cloud-chamber tracks of decay 
particles of cosmic-ray mesotrons at sea level, in a magnetic field of 7250 gauss, are here reported. 
The observed spectrum extends from 9 Mev to 55 Mev with an apparently continuous distribution 
of intermediate energy values and a mean energy of 34 Mev. The shape of the spectrum and the value 
of its upper limit are strong evidence that the mesotron disintegrates into an electron and two neu- 
trinos. It is concluded that the mesotron has half-integral spin. The value of the observed upper 
limit of the energy spectrum corresponds to a mass value of the mesotron equal to 217+4 electron 


masses. 


I. INTRODUCTION 


EASUREMENTS of the energy of the par- 
ticles resulting from the decay of mesotrons 
have previously been made in three ways. In a very 
few cases, the energies have been determined 
directly by measurement of the curvature of cloud- 
chamber tracks of the decay particles in a magnetic 
field.! In other experiments, the energies of the decay 
particles have been inferred from measurement of 
their absorption in various materials,? and recently, 
* Assisted by the joint program of the ONR and AEC. 
1(a) Adams, Anderson, Lloyd, and Rau, Phys. Rev. 72, 
724 (1947); (b) Adams, Anderson, Lloyd, Rau, and Saxena, 
Rev. Mod. Phys. 20, 344 (1948); (c) R. W. Thompson, Phys. 
Rev. 74, 490 (1948). 


Fowler, Cool, and Street, Phys. Rev. 74, 101 (1948); 
Zar, Hershkowitz, and Berezin, Phys. Rev. 74, 111 (1948); 


' J. Steinberger, Phys. Rev. 74, 500 (1948); E. P. Hincks and 


B. Pontecorvo, Phys. Rev. 74, 697 (1948); M. H. Shamos and 
A. Russek, Phys. Rev. 74, 1545 (1948); Kan-Chang Wand and 
S.:B. Jones, Phys. Rev. 74, 1547 (1948). 


from measurement of their scattering in photo- 
graphic emulsions.* The very small number of cases 
available for measurement, and the difficulty in 
making precise energy measurements, have made it 
impossible so far to distinguish between a con- 
tinuous spectrum of energies and two or three 
discrete energies for the decay particles. Thus, the 
basic nature of the spectrum has so far not been 
established. 

The measurements of the energies of decay par- 
ticles that are here reported were made on 75 cases 
obtained in a cloud chamber operated in a magnetic 
field. The precision of the measurements and the 
number of cases provide strong evidence for a con- 
tinuous decay spectrum, and yield some information 
as to its shape. 


* Brown, Camerini, Fowler, Muirhead, Powell, and Ritson, 
Nature 163, 47 (1949). 
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Preliminary results of the present experiments 
have been reported.‘ 


II. APPARATUS 


Tracks were photographed in a cloud chamber 
of 30-cm inside diameter and 11-cm depth, operating 
in a magnetic field of 7250 gauss. The chamber was 
filled with argon to an absolute pressure of 1.25 
atmospheres; a mixture of 35 percent water and 
65 percent ethyl alcohol was used, giving an ex- 
pansion ratio of 1.08. The gross weight of the 
magnet is 3300 pounds and it consumes a power of 
10 kw. The cloud chamber is of the freely falling 
type.® This type of cloud chamber is employed in 
order to obtain a stronger and more uniform mag- 
netic field for a given power consumption and 
magnet weight, to simplify the illumination, and to 
study the characteristics of a freely falling chamber 
with respect to track distortions arising from con- 
vection currents in the gas. In the present appa- 
ratus, the cloud chamber falls freely for a distance 
of 45 cm between the time the particle enters the 
chamber and the time the photograph is made. The 
tracks are illuminated by light projected from the 
rear of the cloud chamber through the front and 
rear walls which consist of glass plates. Four con- 
densers, each of 23 uf charged to 1500 volts, are 
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Arrangement of Counters. 


Fic. 1. Schematic diagram of cloud chamber and 
arrangement of Geiger counters. 


‘ Leighton, Anderson, and Seriff, Phys. Rev. 75, 1466 (1949). 
See also: R. W. Thompson, Phys. Rev. 75, 1279 et seg. (1949); 
J. Steinberger, Phys. Rev. 75, 1279 et ~~. (1949). 

5 C. T. R. Wilson and J. G. Wilson, Proc. Roy. Soc. 148A, 
523 (1935). 
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discharged through four FT-422 (General Electric 
Company) lamps to provide the illumination, and 
stereoscopic photographs are made on linagraph 
orthofilm with a lens setting of f/14. By means of 
a thermostated water jacket, all portions of the 
cloud chamber are maintained at constant tem- 
perature to within +0.1°C. 

The disposition of the Geiger counters which 
control the chamber is shown in Fig. 1. A lead ab- 
sorber of 10-cm thickness has been placed directly 
below the upper coincidence tray. The chamber is 
actuated when a coincidence occurs between a 
counter in the tray C, above the chamber, and the 
counter C; mounted inside the chamber, if this 
coincidence is not accompanied by the discharge 
of a counter in the lower tray C;. In this way the 
relative yield of slow particles, which stop inside 
the chamber, is increased. The total counting rate 
is approximately ten per hour. 

The counter C; inside the chamber is rectangular 
in shape, having flat top and bottom surfaces con- 
sisting of copper sheet of 0.87-mm uniform thick- 
ness. The counter is mounted inside a flat copper 
jacket whose wall thickness is 0.63 mm. The 
counter also acts as an absorber for the determina- 
tion of the mass of the mesotron by measurements 
of its momentum before and after it traverses the 
3.0 mm of copper in the counter and jacket. A 
carbon plate P, 2.0 g/cm? in thickness, is mounted 
in the lower part of the chamber and provides an 
additional absorber: for mass determinations and 
for the observation of decay particles. 


III. EXPERIMENTAL RESULTS 


Out of a total of 15,000 photographs, 75 photo- 
graphs were obtained which show slow mesotrons 
which are observed to produce decay particles 
whose tracks are suitable for measurement. In these 
cases the mesotron stops either in the gas of the 
chamber, in the counter C2 inside the chamber, in 
the carbon plate, or in the Bakelite or glass walls 
of the chamber. On the basis of evidence presented 
in Section IV of this paper, the decay particles are 
assumed to be electrons. Figures 2 and 3 are 
examples of electrons produced in the decay of 
mesotrons. The energy of the electron was deter- 
mined in each case from measurement of the track 
curvature in the magnetic field. Each energy mea- 
surement was corrected for the angle between the 
electron track and the magnetic field, and for the 
energy lost by the electron before it appeared in 
the cloud chamber. The latter correction was made 
by calculating the distance of penetration of the 
incoming mesotron into the absorber, using for this 
purpose the momentum of the mesotron as deter- 
mined from the observed curvature of its track, and 
assuming that the mass of the mesotron in each 
case is 220 m, (m.=electron mass); then, with the 
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Fic. 2. A mesotron of positive charge passes downward through the counter in the cloud chamber, comes to rest in 
the carbon plate, and produces a decay electron whose energy, after correction for energy loss in the plate is 37+1.5 
Mev. The momentum of the mesotron upon entering the carbon plate is 72 Mev/c. A magnetic field of 7250 gauss, 
directed toward the observer, is present. Two stereoscopic views are shown. 
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Fic. 3. A mesotron of negative charge passes through the counter in the cloud chamber and comes to rest in the 
gas (argon). A decay electron of 13.041 Mev is produced. The decay electron is projected in a direction almost 
normal to the front glass of the cloud chamber, thus producing only a short track. The increase in ionization and 
the scattering of the mesotron near the end of its range is apparent in the photograph. 

$ 


aid of stereoscopic observation of the tracks, the 
thickness of material traversed by the electron and 
the corresponding loss in energy of the electron 
were determined. The largest of these corrections 
is 11 Mev, and in the great majority of cases, the 
corrections are only 2 to 5 Mev. Since these cor- 
rections could be made with considerable accuracy, 
the error they introduce into the final energy of the 
decay electron is only 1 to 2 Mev. , 

It is possible that electrons of very low energy 
may have escaped detection by their failure to 
emerge from the walls of the chamber or from the 


carbon plate. However, the effect of such cases on 
the observed energy distribution should be small, 
and should be limited almost wholly to electrons 
of energy less than about 10 Mev. It is also possible 
that electrons of high energy may have escaped 
detection by entering the bank of anticoincidence 
counters below the cloud chamber. The combined 
thickness of the lower wall of the cloud chamber, and 
the anticoincidence counter wall is about 7 g/cm?, 
which corresponds to the total range of an electron 
of about 15 Mev. Geometrical considerations, which 
include the effect of the curvature of the electron 











TABLE I. Energies of decay electrons. List of observed decay 
electrons arranged in order of increasing energy. The sign of 
charge is indicated and the region of the chamber in which the 
decay occurred. 
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TABLE I.—Continued 




















Sign of charge Material Energy in Mev 
ok Carbon 9.0+2.0 
i+ Carbon 11.0+1.5 
_ Carbon 11.8+0.5 
oa Carbon 12.5+2.0 
~ Gas (argon) 13.0+1.0 
+ Bakelite 16.0+3.0 
ot Carbon 17.0+1.0 
Carbon 18.0+1.0 
ob Copper 18.0+1.0 
ob Carbon 19.0+1.0 
= Carbon 20.5+1.0 
_ Copper 21.0+2.0 
Bakelite 21.5+0.5 
ot Bakelite 22.0+1.0 
+ Bakelite 22.5+2.0 
+t Copper 23.0+5.0 
+ Bakelite 24.0+2.0 
“b Carbon 25.5+2.0 
Bakelite 27.0+2.0 
+ Glass 27.5+1.5 
_ Carbon 27.54+1.5 
= Glass 28.0+3.0 
+ Copper 28.5+3.5 
+ Carbon 29.0+1.0 
“ Carbon 29.0+2.0 
— Carbon 29.0+6.0 
oa Brass 30.0+1.0 
ot Bakelite 30.0+1.0 
— Carbon 30.541.5 
+ Copper 31.0+4.0 
+ Bakelite 31.5+2.0 
ao Carbon 32.5+1.5 
+ Copper 32.541.5 
+ Copper 33.0+3.0 
=_ Carbon 34.0+2.0 
ok Carbon 35.0+1.5 
= Carbon 35.0+3.0 


Sign of charge Material Energy in Mev 
- Carbon 36.0+2.0 
- Carbon 36.0+2.0 
fe Carbon 36.5+2.0 
+ Carbon 37.0+41.5 
~ Carbon 37.0+4.0 
~ Copper 38.0+5.0 
- Copper 38.5+3.0 
ae Glass 38.5+5.0 
on Glass 38.5+5.0 
ob Carbon 39.0+2.0 
+ Copper 39.0+4.0 
— Glass 39.0+4.0 
= Carbon 40.0+2.0 
4+ Copper 40.0+2.0 
+ Carbon 40.0+2.0 
= Carbon 40.0+4.0 
- Glass 41.0+1.5 
4 Carbon 41.0+1.5 
a. Carbon 41.0+2.0 
- Carbon 42.0+3.0 
= Carbon 43.0+2.0 
= Carbon 43.0+3.0 
+f Bakelite 43.0+4.0 
-- Carbon 43.0+4.0 
os Carbon 43.5+2.0 
o Carbon 44.0+1.5 
ca Carbon 45.5+1.0 
ok Carbon 45.5+3.0 
+ Bakelite 46.5+3.0 
— Carbon 46.5+3.0 
of Carbon 47.0+2.0 
= Carbon 48.542.5 
- Carbon 51.5+2.0 
- Glass 52.0+2.0 
- Copper 52.0+4.0 
— Carbon 52.5+2.0 
_ Bakelite 53.0+2.0 
oe Bakelite or brass 54.9+1.0 








trajectories, indicate, however, that not mére than 
10 percent of the electrons should have escaped 
detection in this way. 

In Table I are listed the energies of all the decay 
electrons observed. The estimated uncertainties in 
the energy values, the sign of charge, and the 
material in which the mesotron decayed are also 
given. ; 

It will be noted that in the case of mesotrons 
which decay in carbon and Bakelite, positive and 
negative electrons occur in almost equal numbers, 
while positive electrons predominate when the 
mesotron decays in copper. The average energy of 
all the decay electrons is 34 Mev. 

In Fig. 4 is shown the integral distribution of the 
observed energies of the decay electrons, where the 
ordinate of each point corresponds to the total 
number of decay electrons having an energy less 
than, or equal to, the energy indicated by the 
abscissa. 

In Fig. 5 is shown the differential energy spec- 
trum where each point represents the observed 
number of electrons per energy interval of 10 Mev. 
Points corresponding to two sets of overlapping 


energy intervals, displaced from one another by 
5 Mev, are plotted. 

The energy spectrum of mesotron decay electrons 
may be compared with the distribution found in 
the case of nuclear B-decay. In the case of mesotron 
decay, the most probable electron energy is about 
40 Mev, which corresponds to about three-fourths 
of the observed maximum energy, whereas the most 
probable energy in the case of nuclear B-decay is 
usually about equal to, or even less than, one-half 
of the maximum energy. The present data are not 
sufficient to establish the behavior of the curve at 
the upper and lower energy limits. The relatively 
large number of cases observed in the vicinity of 
the upper energy limit, however, indicates that the 
energy spectrum of mesotron decay electrons falls 
to zero at the upper energy limit more abruptly 
than does the spectrum of nuclear 6-particles. 

In many cases, the curvature in the magnetic 
field and, therefore, the momentum of the incoming 
mesotron was measured before and after it traversed 
the known amount of material represented by either 
the flat counter or the carbon plate in the chamber. 
Computation of the mass of the mesotron from 
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Fic. 4. Integral distribution of the energy of mesotron 
decay electrons. 


these data lead to values usually ranging from about 
175 to 300 m,. The effects of gas distortions, the 
short length of track available for measurement, and 
the small curvature of the tracks did not permit the 
rather high precision of measurement needed to 
obtain mass values of small uncertainty. The ob- 
served mass values, however, are not inconsistent 
with a unique mass of about 220 m,. 


IV. THE DECAY PRODUCTS OF THE MESOTRON 


It has been assumed throughout this paper that 
the observed ionizing decay particle is an electron. 
This, of course, has not actually been proved. It is 
possible, however, to estimate the charge and to 
set an upper limit to the mass of the particle. 
Visual estimates of the minimum ionization of the 
decay particles indicate that their charge is cer- 
tainly less than twice that of an electron. In one 
photograph the decay particle was deflected by the 
magnetic field so that it made four traversals of the 
carbon plate before coming to rest within the plate. 
The successive values of the momentum of this 
particle, after each traversal of the plate, were 
measured. From these momenta and the corre- 
sponding amount of carbon traversed, it is possible 
to set an upper limit to the mass of the decay 
particle equal to 15 m,. Comparison with its own 
ionization at higher momenta, and with the ioniza- 
tion of the 90-Mev/c mesotron, gave 1.5 times 
minimum as an upper limit for the ionization of the 
decay particle, when its momentum was 5.5 Mev/c. 
This leads to a value of 10 m, for the upper limit 
of its mass. The data are therefore wholly con- 
sistent with the assumption that the charged par- 
ticle is an electron.® 

Before any measurements had been made of the 
energy of the decay electrons, it was generally 
assumed that in the decay process an electron and 


a single neutrino are formed. If momentum and 


6 See also J. C. Fletcher and H. K. Forster, Phys. Rev. 75, 
204 (1949); E. P. Hincks and B. Pontecorvo, Phys. Rev. 75, 
698 (1949). 
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Fic. 5. Energy spectrum of mesotron decay electrons. Each 
point represents the number of electrons per energy interval 
of 10 Mev. The vertical lines indicate the expected statistical 
spread. A smooth curve is drawn through the observed points. 


energy are conserved in the decay process, one 
would then expect to find decay electrons of a dis- 
crete energy equal to about 55 Mev for a mesotron 
whose mass is 220 m,. The first accurate measure- 
ments,’ however, of the energy of mesotron decay 
electrons consisted of two cases in each of which 
the energy of the decay electron was only 25 Mev, 
thus ruling out this hypothesis. The new data here 
reported serve to place further restrictions on the 
alternative modes of decay suggested at that time, 
and indeed, only one of these is entirely consistent 
with the present data; i.e., a decay resulting in the 
production of an electron and two neutral particles 
of very low mass. 

If one excludes the possibility that the mesotron 
has a variable mass,** then, on the basis of con- 
servation of energy and momer.tum, the observed 
broad energy spectrum is inconsistent with any 
mode of decay which results in the production of 
only two particles of discrete mass, e.g., an electron 
and neutrino, or an electron and a neutral meso- 
tron. If we assume, therefore, that an electron and 
two neutral particles are produced, it is possible to 
compute an upper limit to the sum of the masses of 
the two neutral particles from the observed upper 
limit of the decay spectrum on the basis of the con- 
servation laws. Assuming the mass of the mesotron 
to be 2164 m.,*§ and taking the observed upper 
limit of the energies of the decay electrons to be 
55+1 Mev, one finds that the data are consistent 
within the given errors only with the emission of 
particles whose added masses are less than 30 m,. 
The fact that the production of energetic photons is 
not observed in mesotron decay® leaves open only 


7 See reference 1, (a) and (b). 

** In several instances, both the mass of the mesotron and 
the energy of its decay electron were measured with sufficient 
precision to show that these quantities do not bear the rela- 
tionship to one another to be expected on the basis of the 
conservation laws, if the mesotron decays simply into an 
electron and a single neutrino. 

8A. S. Bishop, Phys. Rev. 75, 1468A (1949). 

*R. D. Sard and E. J. Althaus, Phys. Rev. 75, 1251 (1948); 
E. P. Hincks and B. Pontecorvo, Phys. Rev. 73, 257 (1948); 
QO. Piccioni, Phys. Rev. 74, 1754 (1948), 
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MASS AND SPIN OF THE MESOTRON 


the possibility that the neutral particles are neu- 
trinos or other neutral particles of low mass. In 
terms of generally accepted particles, the simplest 
decay process is thus one which results in the 
production of an electron and two neutrinos. 

On the other hand, if the neutral particles have 
rest masses which are actually zero, then the mass 
of the mesotron, calculated from the upper limit of 
the energy spectrum, is equal to 217+4 m,. Within 
experimental uncertainty this value is equal to the 
values, 216+4 m,’ and 215+4 m.,” determined by 
other methods, and is in satisfactory agreement 
with 220+35 Mev, the only mass measurement 
previously reported from this laboratory." 

The observed shape of the energy distribution 
curye and the observed average electron energy 
provide further support to the assumption that the 
decay results in the production of three particles 
and not more than three; for if the decay results in 
the production of three particles whose proper 
energy is small compared with the total available 
energy, and if the three particles play symmetrical 
roles in the decay process, then each particle should 
receive an average energy approximately equal to 

10 J. G. Rettallack and R. B. Brode, Phys. Rev., in press. 


11S. H. Neddermeyer and C. D. Anderson, Rev. Mod. Phys. 
11, 201 (1939). 
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one-third of the total available energy or two-thirds 
of the maximum electron energy. Two-thirds of the 
maximum observed electron energy (55 Mev) is 37 
Mev, which is in satisfactory agreement with the 
observed value of 34 Mev for the average decay 
electron energy. A decay resulting in the production 
of four or more particles seems unlikely as the 
average energy then to be expected would be 27.5 
Mev or less. 

If one adopts the view indicated above, that the 
decay of the mesotron results in the production of 
an electron and two neutrinos, u+—e++ 2», then, in 
order that spin may be conserved in the decay, the 
spin assigned to the mesotron must be half-integral. 

Electron energy distributions have been com- 
puted recently for several different types of fields.” 
In some cases these are in good qualitative agree- 
ment with the observed spectrum, but more data 
will be needed for a precise comparison. 

We wish to acknowledge the assistance of Dr. 
E. W. Cowan who provided the counter circuits, 
and of Mr. Robert C. Hsiao who shared in the 
operation of the equipment and in the measure- 
ments. 


( ‘ S Tiomno and J. A. Wheeler, Rev. Mod. Phys. 21, 144 
1949). 
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Some Possible Rare Stable Isotopes* 
Henry E, DucKworTH 


Scott Laboratory, Wesleyan University, Middletown, Connecticut 
March 22, 1949 


INCE the current data on stable isotopic species are so 

well authenticated it should be possible to assume the 
existence of empirical relationships between existent stable 
nuclei and deduce therefrom the existence of unobserved 
isotopes. Such unobserved isotopes must be expected to be 
rare. An examination of a table of isotopes shows that most 
of the rare species occur among elements of even atomic 
number. Also, among the heavier members of this group, 
there is considerable symmetry in the location of the rare 
isotopes. With the exception of neodymium, the rarer isotopes 
of the even-numbered elements from ruthenium (Z=44) to 
lead (Z =82) are among the lighter isotopes. Thus, in a search 
for rare isotopic species, the region occupied by the lighter 
isotopes of heavy elements of even atomic number is a prom- 
ising one. 

In Fig. 1 the atomic masses of the lightest known isotopes 
of the even-numbered elements from palladium (Z=46) to 
lead (Z=82) are plotted against the respective atomic num- 
bers. From cadmium (Z=48) through neodymium (Z=60) 
there is a linear relationship for six of the seven elements, tel- 
lurium (Z=52) being the exception. Similarly, beginning with 
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samarium (Z =62) and ending with tungsten (Z = 74), another 
group of seven, there is a second linear relationship in which 
gadolinium (Z = 78) is the exception. The physical interpreta- 
tion of such linear stability curves will be clear: if A be the 
lowest stable mass associated with a particular Z, the lightest 
stable configuration belonging to the element Z+2 is that 
which has a mass A+6. In other words it is formed from 
(A, Z) by the addition of 2 protons and 4 neutrons. 

Each of the three exceptional elements would be reconciled 
to its respective group if it possessed an isotope mass two 
units lighter than the lightest now known. Since such a mass 
difference between lightest and next-to-lightest isotopes is 
found for almost all the elements of even-atomic number, 
this requirement offers no barrier to the existence of such 
unobserved species. Furthermore, Seaborg and Perlman! in 
their 1948 Table of Isotopes list no radioactive isotopes of 
Gd"° and Pt! and give for Te!!® only a “probable’’ one. 
Although the existence of such radioactive isotopes would not 
preclude the possibility of stable isomers, their absence 
heightens it. Finally, a survey of the literature indicates that 
the search for these particular isotopes has not been notably 
intensive. From Dempster’s? photograph showing Te!°, Tel 
is estimated to exist to less than one part in 6000. Gd!™®™ jis 
given by Hess’ as less than one part in 20,000. There is nothing 
in the literature upon which to base an estimate of the 
abundance of Pt! other than that it is less abundant than 
Pt!® which is 0.78 percent. 

Since the existence of Te”®, Gd, and Pt!®° would lead toa 
rather high degree of symmetry in the stability curve and since 
there is evidence to disprove the existence of none of them, a 
search for these species appears to bea promising endeavor. 
The following letter describes the first fruits of such a search. 

It should be pointed out that the scheme would still be 
served if tungsten were found to have a stable isotope at mass 
178, then hafnium (Z=72) one at mass 172, and so on. Also 
a lead isotope may exist at mass 202 and a palladium isotope 
at mass 100. Such species should be kept in mind as possible 
stable forms. 

* This letter is based on work done at Wesleyan University under Con- 
tract AT (30-1)-451 with the AEC. 

re . Seaborg and I. Perlman, Rev. Mod. Phys. 20, 585 (1948). 


A. Js * Dempster, Phys. Rev. 50, 186 (1936). 
: D. C. Hess, Jr., Phys. Rev. 74, 773 (1948). 





A New Stable Isotope of Platinum* 


Henry E. DucKworTH, ROBERT F. BLACK, AND RICHARD F. Woopcock 
Scott Laboratory, Wesleyan University, Middletown, Connecticut 
March 22, 1949 


HE first successful mass analysis of platinum was made 
by Dempster! in 1935 using his couble-focusing mass 
spectrograph. The platinum ions were produced in a high fre- 
quency spark between electrodes of a platinum-rhodium alloy 
and isotopes were found at mass numbers 192, 194, 195, 196, 
and 198. Accurate electrical measurements of the isotopic 
abundances have since been made by Sampson and Bleakney? 
and by Inghram, Hess, and Hayden,’ the latter giving the 
abundance of the faintest isotope, Pt!®, as 0.78 percent. 
Guided by the principles outlined in the preceding letter, 
the authors have employed an ion source and double-focusing 
mass spectrograph similar to Dempster’s in a search for Pt!. 
With a spark between a platinum-iridium and a copper elec- 
trode, a faint line appeared at mass 190 after an exposure of 
three hours. The electrodes were replaced by pure platinum 
electrodes (99.999 percent purity obtained from Sigmund 
Cohn of New York). With an hour’s exposure the faint 190 
appeared. Similarly with two platinum electrodes of com- 
mercial purity (obtained from the J. M. Ney Company of 
Hartford) the line at 190 was clearly visible after an hour’s 
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Fic. 1. Mass spectrum of platinum. 


exposure. Figure 1 is a reproduction of one of the mass spectra 
taken with commercial platinum electrodes. As nearly as can 
be judged from microphotometric traces, the ratio 190/192 is 
independent of the type of platinum used. 

In concluding that the faint 190 is due to platinum, rather 
than-to an impurity, the authors have been influenced by the 
following additional arguments. The fact that the faint line 
appears at a mass less than the known platinum isotopes 
precludes the possibility of its being a hydride, as are the lines 
at 197 and 199 in Fig. 1. It cannot be the stable isotope of 
osmium at mass 190 since this has an abundance of 26.4 per- 
cent and would have been accompanied by the 16.1 percent 
abundant Os'®*. It is possible for particles of mass 95 to reach 
the 190 position by passing through the accelerating field and 
electrostatic analyzer as doubly-charged ions and losing one 
charge before entering the magnetic analyzer. In such a case 
the 15.7 percent abundant Mo® would have been accom- 
panied by the 9.12 percent abundant Mo™ at mass 188. Thus 
it seems clear that the line is a faint isotope of platinum. 

An approximate measure of the abundance was obtained 
by making short exposures on which the intensity of the 0.78 
percent Pt!* could be compared with the intensity of the 190 
on the long exposures. Comparisons were made on five plates 
and give for the abundance of Pt! the values 0.0052 percent, 
0.0056 percent, 0.0046 percent, 0.0060 percent, and 0.0088 
percent. The average of these values is 0.006 percent and is 
probably accurate to 20 percent, the inaccuracy arising from 
the unsteadiness of the spark. 

The authors wish to thank Mr. Clifford Geiselbreth for his 
excellent machining of many essential parts and Dr. Richard 
Clarke for the use of the recording microphotometer. 

* This letter is based on work done at Wesleyan University under Con- 
tract AT (30-1)-451 with the AEC, 

1A, J. Dempster, Nature 135, 993 (1935). 

2 Milo B. Sampson and Walter Bleakney, Phys. Rev. 50, 732 (1936). 


3M. G. Inghram, D. C. Hess, Jr., and R. J. Hayden, Plutonium Project 
Report ANL-4082, (Nov. 1947), p. 5. 





Decay of Scintillations in Calcium Fluoride 
Crystals* 
W. J. MACINTYRE 


Sloane Physics Laboratory, Yale University, New Haven, Connecticut 
March 18, 1949 


. 


T has been estimated! that the inorganic phosphors have a 
decay time greater than 0.2 microsecond with the possible 
exception of fluorites. The decay of the scintillations of a 
calcium fluoride crystal has been measured by a delayed 
coincidence method in which data on the scintillations of a 
crystal are obtained as a function of time. This method is 
based on a delayed coincidence counting of the pulse of a pro- 
portional counter activated by a beta-particle with the pulse 
of an electron multiplier tube detecting the scintillation from 
the crystal activated by the same particle. 
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The experimental procedure utilizes a beam of beta-par- 
ticles from P* which penetrates the proportional counter and 
impinges on the scintillation phosphor. As the pulse from the 
channel of the proportional counter is delayed by a variable 
delay line, coincidences are obtained as a function of line 
length which can be directly calibrated in units of time. 
Provided the pulse from the proportional counter is appre- 
ciably faster than the pulse from the scintillation phosphor 
channel, the resulting variation of coincidences per unit time 
with time shows the decay of the scintillations. The variable 
delay is introduced by means of seventy-ohm coaxial cable 
(RG 11/u) calibrated to desired lengths. 

The proportional counter used has a resolving time of 
2.8X10-® second and works into a cathode follower and 
amplifier of 23 megacycles/sec. band widths.? The scintillations 
of the phosphor were detected by a 931A electron multiplier 
tube working into a similar cathode follower and amplifier. 

Figure 1 shows the variations of the coincidences with time 
delay, the data taken with the phosphor at dry ice tempera- 
ture. The selection of the zero point is arbitrary since the 
amplifiers and associated circuits are not of equal natural 
delay. For comparison, curves of both naphthalene and cal- 
cium fluoride crystals are shown. The fast rise time is seen 
to be the same in both cases and shows the limitations of the 
time variation that may be detected as imposed by circuit 
band width, variation in pulse formation, or other broadening 
factors. 

Following the analysis of Van Name* for coincidences 
between a pulse fixed in time and a pulse from an exponential 
decay process, it is known that for values of delay greater 
than the pulse half-width distribution, the coincidences are 
directly proportional to e~? where D is the delay time and 
\ is the decay constant. 

For this analysis the logarithm of the coincidences was 
plotted against time, giving a reasonably straight line with a 
half-life of 15 10-® second. The corresponding value for the 
leading edge of the curve is 1.4X10-* second. This time is 
shown by the dotted curve in Fig. 1, which was drawn by 
reflecting the leading edge of the naphthalene curve about its 
zero point. 

Similar analysis for the naphthalene curve indicates a value 
of the order of magnitude of 3.3 X10-* second but this is too 
close to the limitations of the circuit to ascribe much value to 
the estimate. 

Figure 2 shows similar measurements for the calcium 
fluoride crystal taken at room temperature. The variation of 
100°C has resulted in no change of decay time of sufficient 
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Fic, 1, Coincidence rate versus delay curve for calcium fluoride and naph- 
thalene scintillations. The dotted curve refers to circuit decay time obtained 
by Joves a symmetrical curve with decay constant equal to that of the 
leading edge. Data taken at dry ice temperature. 
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Fic. 2. Comparison of coincidence rate versus delay curve for calcium 
fluoride scintillations taken at room temperature and at dry ice tempera- 
ture. Note similar decay rates within the accuracy range of the equipment. 


magnitude to be detected by this equipment. Plotting of this 
decay section of the curve shows the half-life to be still in the 
range of 14-16 X 10-8 second. 

The apparent temperature independence together with the 
magnitude of the decay time indicate several possibilities: 
(a) the process of emission may be a straight radiative transi- 
tion of a slightly forbidden state; (b) if the process is one of 
electron migration the barrier would be small, say of the order 
of a few hundredths of an electron volt with the tunnel effect 
being large in relation to overcoming the barrier; (c) the 
process may be twofold, with fast electron migration pre- 
ceding radiative transition. 

The writer wishes to express his thanks to Professor E. C. 
Pollard for valuable discussions throughout, to Professor H. L. 
Schultz for discussion of coincidence counting techniques and 
circuits involved, and to Dr. R. B. Setlow for suggestions on 
interpretation. Thanks are also due Mr. J. A. Rich for loan 
of the naphthalene and calcium fluoride crystals. 

* Assisted by the joint program of the ONR and the AEC. 
1 Conference on Scintillation Counters and Crystal Counters, University 
of Rochester, Rochester, New York, July 1948. 
2H. L. Schultz, High Speed Counters and Short Pulse Techniques ( Brook- 


haven Conference Report, August 1947), p. 
’F, W. Van Name, Phys. Rev. 75, 102 1949). 





Anomalous Behavior of the Dielectric Constant of 
a Ferromagnetic Ferrite at the Magnetic 
Curie Point 
FRANK G. BROCKMAN, P. H. DOWLING, AND WALTER G, STENECK 


Philips Laboratories, Inc., Irvington-on-Hudson, New York 
March 14, 1949 


N the discussion following our papers ‘“‘Magnetic Properties 
of a Ferromagnetic Ferrite,’”’ presented at the 1948 Annual 
Meeting of the American Physical Society, we showed the 
lantern slide reproduced here. This represents the effective 
dielectric constant, as a function of temperature, measured at 
10,000 c.p.s. on a block of a commercial ferromagnetic ferrite 
(Ferroxcube III) provided with evaporated gold electrodes. 
Direct current measurements of the resistivity of the block 
were made at the same time and show, in the same temperature 
interval, only the variation with temperature expected of 
semiconductors. 
At that time we thought that the almost discontinuous 
course of the dielectric constant versus temperature curve at 
the magnetic Curie point might be some indication of the 
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Fic. 1. Real part of dielectric constant vs. temperature. 


fundamental character of the dielectric behavior, perhaps 
related to a coupling of the electric and magnetic dipoles. 

We have found, however, that the behavior of the dielectric 
constant at the magnetic Curie point can be described on the 
basis of straightforward electromagnetic theory. The decrease 
in the measured dielectric constant between room temperature 
and the Curie point is due principally to the increasing ohmic 
conductivity in this region. The sudden rise at the Curie point 
follows from the collapse of the permeability. Differences 
between the experimental and calculated curves indicate that 
the actual dielectric constant decreases slowly with increasing 
temperature throughout the entire region. 

A paper covering in more detail our work on the dielectric 
and magnetic properties of a ferromagnetic ferrite is in 
preparation for submission to the Physical Review. 





Divergences in Field Theory 
K. M. Case 


The Institute for Advanced Study, Princeton, New Jersey 
March 17, 1949 


HE considerable advances which have recently been 

achieved in quantum electrodynamics have been based 
on the twin concepts of charge and mass renormalization. 
Thus it has been found that the divergences that occur as a 
result of the interaction bet'veen electron and electromagnetic 
fields are due to terms which, if finite, would be interpreted 
as changing the mechanical mass and charge of the electron 
to the empirically observed values. On separating out the 
additional mass and charge terms, it has been found that the 
present form of electrodynamics gives finite and unam- 
biguous predictions with at least reasonably close agreement 
with experiment. 

The question immediately arises as to whether the use of 
these concepts is sufficient to remove the divergences of other 
current or proposed forms of quantum field theories, or if 
their success is an accident peculiar to electrodynamics. 
Offhand, one would say that the latter is obviously the answer. 
The divergences encountered with a Dirac electron interacting 
with the electromagnetic field are particularly weak. While 
it would seem not unreasonable that the removal of two 
infinite quantities would render electrodynamics convergent, 
the success of this procedure in theories with much stronger 
divergences is a priori rather unlikely. Surprisingly, it has 
been found that the utilization of the renormalization ideas 
does give convergent results for the scalar and pseudoscalar 
meson theories (even with dipole coupling) and for the scalar 
electron interacting with the electromagnetic field. This 
might tend to support the view that all the divergences of the 
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customary field theories have beer isolated and put into an 
innocuous form. 

A more critical test of this hypothesis is the vector meson 
theory with tensor coupling between mesons and nucleons. 
Here the divergences are most acute. We have made calcula- 
tions with this theory using the new covariant methods.! 
Particular care was taken to consider all effects of renormaliza- 
tion of charge and of both the nucleon and meson mass. It 
was found that there are additional divergences beyond those 
in mass and charge. Thus, the anomalous neutron and proton 
moments were found to be logarithmically infinite. Similar 
results were found for the velocity independent neutron- 
electron interaction and the corrections to the interaction of 
a proton with a fixed external field. In addition, vacuum 
polarization phenomena gave rise to an infinite dipole density 
distribution with zero total dipole moment. It is interesting 
that the analog of the latter term in electrodynamics gives 
rise to the usual charge renormalization. In the present theory 
this term, if finite, would not renormalize the electric charge 
and so would not give different proton and electron charges. 

Two conclusions follow: The first is that new methods must 
be developed before the vector meson theory with tensor 
coupling can be used for calculations. The second follows 
from the fact that the above divergences were not a con- 
sequence of the finite meson mass. The same lack of con- 
vergence is contained in a phenomenological description of the 
anomalous neutron, proton, or electron moments by means of 
a Pauli type magnetic moment term. 

From this work we can state that mass and charge renor- 
malization do not completely encompass the divergences of 
field theory. New developments would be required to enable 
us to use vector mesons as a supplement to the pseudoscalar 
theory. Recent calculations with the latter have given rather 
unsatisfactory results. In fact, if the recently proposed experi- 
ment of Wentzel should show the z-meson to have spin one, 
we could be sure of our inability to treat the nuclear force 
problem by present methods. 

It is a pleasure to acknowledge a very helpful discussion 
with Professor J. R. Oppenheimer and Dr. A. Pais. 

This work was supported by a grant-in-aid from the AEC 
to the Institute for Advanced Study. 

1In a footnote, Luttinger states that Villars has previously found that 
tensor coupling yields infinite magnetic moments, Since the method of this 
calculation was not indicated, it was thought advisable to repeat the cal- 


culation explicitly, using the renormalizations and the covariant formalism. 
J. M. Luttinger, Helv. Phys, Acta XXI, 483 (1948), 





On Meteor Speed Measurements by the Radio 
Doppler Method at Low Frequencies* 


D. D. CHERRY AND C. S. SHYMAN 


Department of Electrical Engineering, Stanford University, Stanford 
University, California 


February 14, 1949 


T has been shown! that meteor speeds can be determined 
with good accuracy at 30 megacycles from a recording of 
the Doppler whistle produced when continuous-wave radio 
energy reflected from the nose of a meteoric ion trail is com- 
bined with a portion of the transmitted signal. The question 
has been raised as to whether the same accuracy can be ob- 
tained by this method at lower frequencies in view of Pierce’s 
suggestion? that the echo from an ion column at these fre- 
quencies might be more indicative of the rate of growth of the 
column than of the velocity of the meteoric particle. 

During the Geminid shower of December 11, 1948, simul- 
taneous radio Doppler speed measurements were made at 
30.66 and 12.8625 megacycles between 0400 and 0700 P.S.T. 
The velocities of twenty meteors were obtained at both fre- 
quencies. Figure 1 shows a plot of the velocity of each meteor 
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Fic, 1, Correlation of velocities measured at 12.8625 Mc and 30.66 Mc. 


as measured at 12.8625 megacycles, versus the velocity as 
measured at 30.66 megacycles. 

When a line through the origin was fitted to the points by 
the method of least squares, the slope was found to be 1.015. 
The correlation coefficient of the points was 0.97. It, accord- 
ingly, appears that radiofrequency is not a factor in the 
Doppler velocity measurement. 

A simplified technique was used to obtain the slope of the 
whistle-pitch versus time-curve from which velocity is cal- 
culated. In the earlier experiments! the meteor whistles had 
been recorded on a magnetic tape and then transcribed by a 
moving-film oscillograph; in this test the intermediate step 
was eliminated. A Brush “penmotor”’ direct-inking magnetic 
oscillograph—which operates very satisfactorily with inex- 
pensive adding machine paper as the recording medium—was 
connected to the output of the radio receivers. Since the fre- 
quenty response of this instrument extends up to 120 c.p.s., 
it is possible to record four or five cycles of the whistle of a 
35-km/sec. meteor at a radiofrequency of 30 megacycles—or 
an 85-km/sec. meteor at 12 megacycles—before the pitch 
falls to zero. This number of points has been found to be 
sufficient to establish the slope of the whistle-pitch curve. 
While the accuracy of this recording technique is somewhat 
less than the other, its simplicity is very attractive. Meteor 
velocity measurements may thus be made with a minimum of 
equipment. 

Figure 2 is a plot of the velocities of all the meteors whose 
speed was recorded during the test. 

As in reference 1, an effort was made to establish which of 
the recorded meteors belonged to the shower. The relationship 
between their direction and range was compared with the 
approximate relationship which must be satisfied by shower 
meteors having a given radiant and producing reflections 
within a relatively narrow range of altitudes centered about 
100 km. In this test the azimuth of the reflections was obtained 
by means of an instantaneous radio direction-finder. 
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Fic. 2. Velocities of all meteors whose speed was recorded during the test. 
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Fic. 3. Meteors whose direction, range, and velocity are correct to be 
Geminid shower meteors. 


Meteors having azimuths and ranges satisfying the above 
requirement, and having velocities between 27 and 43 km/sec., 
were classified as possible Geminids. Their speeds are plotted 
in Fig. 3. The mean velocity was 34.8 km/sec. (standard 
deviation 3.7 km/sec.) which is in good agreement with the 
Geminid velocities of 34.7 km/sec. obtained photographically 
by Whipple,? and 34.4 km/sec. obtained using diffraction 
radar techniques by Ellyett and Davies.‘ 

The work described in this letter was carried out by the 
Meteor Ionization Research group at Stanford University. 


6 * This work sponsored jointly by the ONR and the U. S. Army Signal 
orps. 

1L, A. Manning, O. G. Villard, Jr., and A. M. Peterson, J. App. Phys. 
to be published. 

2J. A, Pierce, Phys. Rev. 71, 88-92 (1947). 

3 F, L. Whipple, Proc. Am. Phil. Soc. 91, 189 (1947). 

4C. D. Ellyett and J. G. Davies, Nature 161, 596 (1948). 





Beta-Ray Spectrum of K*° 


Davip E, ALBURGER 
Brookhaven National Laboratory, Upton, Neu York* 
March 7, 1949 


HE mass 40 isotope of potassium is known to decay by 
beta-ray emission to Ca**, and by electron capture to 
A, with a total half-life of about 4108 years. A gamma-ray 
of 1.5 Mev is thought to be associated with the electron 
capture process, since beta-gamma-coincidences have not 
been found.! The maximum beta-ray energy has generally 
been observed to be 1.3-1.5 Mev? although a value of 1.7 
Mev has been reported.® 
Aside from the geological significance of the decay rates 
and energies, the nature of the beta-ray distribution is of con- 
siderable interest. A measurement has shown’ the spin of the 
K* nucleus to be four, while the ‘“‘even-even” Ca*® is usually 
assumed to be zero. The long life and moderately high beta-ray 
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Fic. 1. Beta-ray intensity distribution from K*, The dashed curve cor- 
responds to a linear Fermi plot. 
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energy are consistent with a large spin change. The shape of 
the spectrum should therefore correspond to a highly forbidden 
transition, and its determination might well afford a test of 
present theories. 

Electron spectrometer measurements have been made dif- 
ficult by the low specific activity of potassium, due in part to 
the natural K* abundance of only 0.012 percent. DZelepow, 
Kopjova, and Vorobjov‘ used a six-section semicircular 
focusing spectrometer and measured the beta-ray distribution 
from sources of K2C204, 69 mg/cm? thick. Their curve had an 
upper energy limit at 1.35+0.05 Mev and was said to be of 
of the allowed shape. 

The 100-fold enrichment of potassium in the K*® isotope to 
1.2 percent has recently been achieved.* This communication 


reports the results of a lens spectrometer measurement of the : 


beta-ray distribution from such an enriched sample. 

The instrument used was recently constructed at this 
laboratory. It is a conventional magnetic lens spectrometer® 
designed for a variety of applications up to electron energies 
of 10 Mev. The four-section 850-lb. copper coil is water- 
cooled, and at the maximum energy setting dissipates 12 kw. 
A 10-in. i.d. brass vacuum chamber 48 in. long is normally used. 

For the present application, relatively high solid angle was 
achieved by use of a 24-in. chamber lined on the inside with 
aluminum, and by employing only the outer two coil sections 
having a separation of 5.5 in. From an estimate of the electron 
trajectories, the solid angle appeared to be between 6 and 9 
percent of 47. A measurement of the photoelectron line 
produced in a 0.001-in. thick uranium foil by annihilation 
quanta gave a resolution figure of about 15 percent (full 
width at half maximum) under these conditions. 

The source holder consisted of a Plexiglas cup having a 
cavity 1 in. deep and 1 in. in diameter, and with a sheet of 
mica 4 mg/cm? thick attached at the rim. 74 mg of enriched 
KCl were crystallized on a 4-cm? central area of the mica. 
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Fic, 2. Fermi plot of the K* beta-ray spectrum. 
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Because of non-uniform crystallization, the source thickness 
appeared to be greater than 18.5 mg/cm? at some points. Both 
by measurement with an end-window counter, and from a 
calculation using a published value of the beta-ray decay 
constant, the strength of the sample was found to be about 
0.002 uC. 

Figure 1 shows the beta-ray intensity distribution plotted 
against momentum in gauss-cm. The curve has a maximum 
of 11.8 counts per minute against a background of 18.3 per 
minute. A Fermi plot taken from the experimental points is 
shown in Fig. 2. This is linear above 450 kev, and gives an 
end-point energy of 1.40+0.03 Mev. Calibration was taken 
from the Fermi plot of P® beta-rays measured under identical 
conditions except for source thickness. An upper energy limit 
of 1.71 Mev!® was assumed for the phosphorus beta-rays. The 
annihilation quantum photoelectron line, previously men- 
tioned, gave the same calibration figure within 1 percent. 

The theoretical intensity distribution for K*°, corresponding 
to a Fermi plot linear over the entire range, is indicated in 
Fig..1 by a dashed line. The point at 1130 gauss-cm (103 kev) 
is probably low because of absorption in the 3-mg/cm? counter 
window. The area under the experimental curve shows an 
excess of about 4 percent over the theoretical distribution. 

The Fermi plot for P® was also linear down to 500 kev and 
had a deviation of about the same shape and magnitude as in 
Fig. 2 for K**. This would indicate that in both cases the 
excess of low energy electrons is mainly due to scattering 
which is difficult to eliminate under conditions of large solid 
angle and low resolution. It is therefore probable that the true 
K* beta-ray Fermi plot would follow a straight line to con- 
siderably lower energies than observed here. 

The author is indebted to Dr. L. B. Borst for arranging the 
loan of the material from the Stable Isotopes Division of the 
AEC and for mounting the source. Thanks are also due 
Dr. T. Lauritsen who made valuable suggestions for the use 
of the lens spectrometer in this application. 

* Research carried out under contract with the AEC. 

1 Meyers, Schwachheim, and deSouza Santos, Phys. Rev. 71, 908 (1947). 

20. Hirzel and H. Waffler, Phys. Rev. 74, 1553 (1948). 

3 W. J. Henderson, Phys. Rev. 71, 323 (1947). 

4 Dzelepow, Kopjova, and Vorobjov, Phys. Rev. 69, 538 (1946). 

5J. J. Floyd and L. B. Borst, Phys. Rev. 75, 1106 (1949). 

6S, Franchetti and M. Giovanozzi, Phys. Rev. 74, 102 (1948). 

7J. R. Zacharias, Phys. Rev. 60, 168 (1941). 

8 Carbide and Carbon Chemicals Company, Oak Ridge, Tennessee. 


® Deutsch, Elliott, and Evans, Rev. Sci. Inst. 15, 178 (1944), 
10K, Siegbahn, Phys. Rev. 70, 127 (1946). 





Microwave Magnetic Resonance Absorption in 
a Nickel Salt near 1.25 Cm 


A. N. Hotpen, C. KITTEL, AND W. A, YAGER , 
Bell Telephone Laboratories, Murray Hill, New Jersey 
March 22, 1949 


AGNETIC resonance absorption at a frequency of 
24,446 mc/sec. was observed in a crystal of nickel 
fluosilicate (NiSiF.-6H:O) at room temperature as a function 
of the static magnetic field applied in directions parallel and 
perpendicular to the optic axis. The microwave technique 
enables a direct determination of values of the ground state 
splitting 6 and splitting factor g, quantities previously inferred! 
from measurements of Becquerel and van den Handel? on thé 
magneto-optic effect in this salt, and also from susceptibility 
measurements on other nickel salts.2 . 

Our results are plotted in Fig. 1. For H || axis, we find 
6=0.52 cm™, g=2.36; for H_Laxis, 5=0.49 cm™ and g=2.29. 
The differences between these values are probably within the 
over-all experimental error. These values, which are for room 
temperature, may be compared with g=2.252 and 6=0.301 
cm! at liquid He temperatures, as calculated by Becquerel 
and Opechowski! from the measured Verdet constant. Schlapp 
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Fic, 1. Magnetic resonance absorption in NiSiFs -6H20O at 24,446 mc/sec. 
Vertical axis is ratio of (magnetic energy loss in sample) to (total non- 
magnetic energy loss in cavity and sample). Results are shown for two 
crystal orientations, parallel and perpendicular to the static field. 


and Penney* show that g=2(1—2d/5qD), where 2X is the 
spin-orbit coupling constant and is equal to —335 cm™ from 
spectroscopic data for the Nitt ion; gD is the cubic field 
constant. Microwave measurements recently reported by the 
Oxford group‘ give 6=0.32 cm™ at 195°K, 0.17 cm at 90°K, 
and 0.12 cm™ at 20°K. 

The free Nit** ions is in a *F state; in the cubic electric field 
of the surrounding octahedron of water molecules, the non- 
degenerate orbital level [2 is lowest. The threefold spin 
degeneracy of the ground level is partly lifted by the combined 
action of spin-orbit coupling and a small trigonal component 
of the crystal field. The relation between field strength and 
absorption frequency may be understood approximately by 
a “symbolic” method; namely, by considering the behavior 
of a level with ZL=1 in a cylindrical electric potential 
(V=A[x?+y*—22*]) and in a magnetic field H. We thus 
treat only three states, instead of the 21 states of the complete 
problem; the validity of this procedure is a consequence of 
group theory. 

For H || axis, the three eigenvalues are E;=gusH; E:= 
—gusH; E,;=6; and the allowed transitions satisfygu 2H}, 
=hn+6. For H Laxis, E,)=0; Ex s= (8/2)F[(6/2)+(guaH)*}}, 
which in the limit of gusH>é gives gusH =hv+6/2. 

We wish to thank Dr. Conyers Herring for a profitable dis- 
cussion, and F, R. Merritt and J. Andrus for valuable experi- 
mental assistance. 

1 J, Becquerel and W. Opechowski, Physica 6, 1039-1056 (1939). 

2 J. Becquerel and J. van den Handel, Physica 6, 1034-1038 (1939). 


3R. Schlapp and W. G. Penney, Phys. Rev. 42, 666-686 (1932). 
4 Bagguley, Bleaney, Griffiths, Penrose, and Plumpton, Proc. Phys. Soc. 


61, 551-561 (1948). 





The Decay of Co®® 


MARTIN DEUTSCH* AND ARNE HEDGRAN 
Nobel Institute for Physics, Stockholm, Sweden 
March 14, 1949 


HE decay of Co® (18.2 hr.) has been studied by means of 

a large double focusing spectrometer! and by coincidence 
experiments. Samples were prepared by deuteron bombard- 
ment of iron. The cobalt was separated chemically. Small 
corrections for the radiations of the longer lived cobalt isotopes 
were made where necessary. The positron spectrum was found 
to be complex. There are two components’? with maximum 
energies of 1.50 Mev and 1.01 Mev and about equal abundance. 
Another softer component of low abundance is possible. The 
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secondary electron spectrum produced by the y-rays in a 
thin lead converter shows three nuclear gamma-rays of 
energies 0.477 Mev, 0.935 Mev, and 1.41 Mev. By comparing 
the number of photoelectrons due to these with those due to 
the annihilation radiation, we estimate the abundances of 
these three gamma-rays (in order of increasing energy) to be 
0.3, 1.4, and 0.3 per positron. The negative electron spectrum 
consists of four internal conversion lines. Three of these cor- 
respond to the above gamma-rays and the intensities of the 
lines are about 7.4 10-4, 5.41074, and 3.5107 conversion 
electron per positron, in order of increasing energy. In addi- 
tion, a conversion line was found corresponding to a 0.095- 
Mev y-ray. The intensity of this line is about 1X 107 electron 
per positron. Coincidences between gamma-rays and positrons 
of definite energies (selected in a magnetic-lens spectrometer 
designed for coincidence experiments*) were measured using 
copper-walled and gold-walled G-M counters. The combined 
results of the experiments lead us to conclude that the main 
decay scheme of Co® is as shown in Fig. 1. The two positron 
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Fic. 1. Decay scheme of Co®, 


transitions are of approximately equal intensity. The same is 
true for the 0.477-Mev and 1.41-Mev gamma-rays. If our 
estimate of the intensities of the several gamma-rays com- 
pared with the number of positrons is correct, orbital electron 
capture is considerably more probable than expected theo- 
retically for allowed transitions, particularly in the case of 
the transition to the 0.935-Mev level. The significance of the 
0.095-Mev gamma-ray is not yet understood, but its intensity 
must be quite low. A more complete report on these experi- 
ments will be submitted for publication in the Arkiv for 
Matematik Astronomi och Fysik. 

We wish to express our gratitude to Professor Manne 
Siegbahn and the Swedish Academy of Science for the generous 
hospitality extended to one of us (M.D.), and to the staff of 
the Nobel Institute for their friendly cooperation. 

*On bomen from Massachusetts Institute of Technology, Cambridge, 
Massachuse 

Segnahn, , See and Rate a) 1% published). 


Lawson, Phys. Rev. 56, 131 ( 
as ok Siegbahn and A. Johanson, renee "Mat. Astr. Fys., 34A, No. 10 





Electron-Neutrino Correlation in Heavy Elements* 


M. E. ROSE 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 
March 14, 1949 


HE electron-neutrino correlation for both allowed and 
first forbidden transitions has been discussed by 
Hamilton. For allowed transitions the correlation function is 


F(@)=1-++-n8 cos8, (1) 
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where @ is the angle between electron and neutrino directions, 

=v/c and »=—1 for scalar and pseudoscalar, } for tensor 
(G—T), —} for axial vector and 1 for polar vector (Fermi) 
interactions. Since (1) assumes plane wave electrons (Z =0) 
it is of interest to consider the effect of the Coulomb field? 
in order to determine whether or not the consequent change 
in the factor m may be as large as a factor 3. In the following 
we consider only allowed transitions. 

For this purpose the following approximative calculation 
has been performed. A Dirac plane wave corresponding to a 
z-component of spin equal to $ can be expanded in terms of a 
representation in which 7? and j,, where j is the total angular 
momentum, are diagonal. This gives 


¥4°(6, 6)=const. 2 4(21-+1) 4 ¥i"*(6, ) 
> Cd- m)*tim~) — (l+-m+ 1 iim *> 7, (2) 


where 0, ¢ are the polar and azimuth angles of the direction 
of motion of the electron, Y;” a normalized spherical harmonic 
and u‘*) are spherical free particle wave functions for j =/-+}. 
The superscript (0) indicates Z=0. For z-component of spin 
equal to — 3 the corresponding expansion can be obtained from 
(2) by applying the usual operator which converts yj 
to y_3. Of course, in (2) we can set 0=0 and therefore m=0, 
We now use the same unitary transformation for the Coulomb 
field. That is, the wave functions used for the electron are 
given by (2) with wim‘*) identified with solutions for the Dirac 
Coulomb field in the representation 7*, 7, diagonal. This ap- 
proximation can be justified if the effect of the Coulomb field 
is small. 

For allowed transitions we need only the terms j=}, 
1=0, 1 corresponding to s} and , electrons. The correlation 
function then has the form (1) with ” replaced by nf where f, 
which is independent of the type of interaction, is given by 


f= 311+2(1—a2Z?)#](1 +0°2?/p*). (3) 


In (3) @ is the fine struéture constant and p is the electron 
momentum in units mc. Averaging (3) over a typical energy 
distribution for allowed transitions we find that even for an 
element as heavy as Pb, the value of (8f)s differs from (8)w 
by about 20 percent. Therefore one may safely disregard 
effects of the Coulomb field in comparing theory and experi- 
ment for the purpose of distinguishing between the various 
forms of the beta-interaction. 

* This document is based on work performed under Contract No. 
W-7405-eng-26 for the AEC at the Oak Ridge National Laboratory. 

1D. R. Hamilton, Phys. Rev. 71, 456 (1947). 

pee viously, no significant effect from the Coulomb field would be ex- 

in an experiment like that of J. S. Allen et al., Phys. Rev. 75, 570 

Pesae), 1 in which He‘ was used. However, the question ‘of the Coulomb field 


might arise in the case of Y® used in the measurements of C. W. Sherwin, 
Phys. Rev. 73, 1173 (1948). 





A Possible Experimental Verification of the 
Statistics of He* 


D. TER HAAR 
Department of Physics, Purdue University, Lafayette, Indiana 
March 18, 1949 


N principle it is possible to determine whether He‘ obeys 
Fermi-Dirac or Bose-Einstein statistics by measuring the 
second virial coefficient B. J. de Boer,! and Massey and 
Buckingham? have calculated B starting from a field of force 
determined by measurements at high temperatures. It turns 
out that the BT! curve (T: temperature) as a function of 
temperature shows a maximum at about 0.8°K if He‘ obeys 
Bose-Einstein. statistics but that there is no such maximum if 
He‘ should obey Fermi-Dirac statistics. A difference between 
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the two statistics becomes discernible at about 1.7 to 1.8°K. 
The vapor pressure of He‘ is then, however, of the order of 
1 cm Hg or less and it becomes extremely difficult to measure 
B accurately. Kistemaker? has made measurements down to 
1.8°K but the uncertainty of his B at the lowest temperature 
at which he measured is too high so that it is impossible to 
make an experimental verification of the fact that He‘ obeys 
Bose-Einstein statistics. 

For He? the situation is, however, much more favorable. 
Due to its smaller mass, quantum effects will be more pro- 
nounced and its vapor pressure will be much higher. Indeed, 
as far as the vapor pressure is concerned, the theoretical pre- 
dictions of J. de Boer and Lunbeck‘ were completely borne 
out by the experiments of Sydoriak, Grilly and Hammel.§ 
At 1.2°K the vapor pressure of He? is still 2 cm Hg and it 
should therefore be possible to measure B down to about 1.2°K. 
The amount of He? needed for these measurements is not too 
large, even not in view of the scarcity of the light helium 
isotope in a pure state. Kistemaker* used about 200 cc S.T.P. 
which is about ten times as much as the 20 cc S.T.P. used by 
Sydoriak, Grilly and Hammel* in their experiments. 

In order to get a rough check as to the influence of the 
smaller mass on the behavior of the BT! curve, we have cal- 
culated B as a function of T for low temperatures, using the 
hard sphere model." Using the same radius for mass 3 and 
for mass 4, and assuming both times Bose-Einstein statistic 
it turns out that the maximum in the curve for mass 3 was 
shifted to a temperature about one third higher than in the 
case of mass 4. Calculations using the correct field of force are 
now in progress, but it seems safe to conclude that, indeed, for 
the case of He* the second virial coefficient can show us 
whether or not He? really obeys Fermi-Dirac statistics. 


1J. de Boer, em (Amsterdam, 1940); J. de Boer and A. Michels, 

ry 6, 409 (1939). 
. S. W. Massey and R. A. Buckingham, Proc. Roy. Soc. (London) 

aie, 378 (1938). 

3J. Kistemaker, Thesis Cn 1945); J. Kistemaker and W. H. 
Keesom, Physica 12, 227 (194 

4 J. de Boer and R. J. fo al Physica 14, 510 (1948). 

5 Sydoriak, Grilly, and Hammel, Phys. Rev. 75, 303 (1949). 

6G. E. Uhlenbeck and E. Beth, Physica 3, 729 (1936). 





Determination of the Potential from the 
Asymptotic Phase 


NORMAN LEVINSON* 
Mathematics Institute, Copenhagen, Denmark 
March 14, 1949 


S V. Bargmann has shown,! problems concerning the 
determination of the potential from the asymptotic 
phase require a mathematically rigorous treatment since 
heuristic processes lacking in rigor have led to erroneous 
results. By methods developed in a paper to appear shortly 
in the Det Kgl Danske Videnskabernes Selskab (where the 
case /=0 is taken up) it is possible to show that the solution 
y(x, ) of 
WD _ye3)yno 
with boundary condition y(x, \)/x't~+1 as x—>+0, exists if 
S0”x| V(x) |dx< 0. Moreover for any \>0, as x, it is the 
case that 


y+ v— 


y(%, A)~ (A(A)/A**) sin (Ax — lr —(A)). 


The function ¢(A) is called the asymptotic phase. If J(/+-1)/x* 
+V(x)=0, then (A) determines V(x) uniquely. It is also the 
case that logA(A) and ¢(A) are conjugate functions. 

* John Simon Guggenheim Memorial Fellow on leave from the Mas- 


sachusetts Institute of Technology, Cambridge, Massachusetts. 
1V. Bargmann, Phys. Rev. 75, 301 (1949). 


THE EDITOR 1445 


On the Beta-Particle Spectrum from the Decay of 
Radium E* 


ARTHUR WALTNER 
North Carolina State College of Engineering, Raleigh, North Carolina 
AND 
F. T. RoGers, Jr. 
U. S. Naval Ordnance Test Station, Inyokern, California 
March 17, 1949 


EVERAL investigations have now been made of that 

portion of the energy-distribution of beta-particles from 
the decay of RaE(ss:Bi*"*), which lies at quite small energies. 
H. O. W. Richardson seems to have made the first! by ob- 
serving tracks from active sources on various thin supports 
in a cloud chamber, and making calculated allowances for 
back-scattering and absorption. The points plotted in Fig. 1 
show the differential distribution (here called (A)) obtained? 
by Richardson. Somewhat later C. B. Madsen made an inves- 
tigation’ of this spectrum, using active deposits on collodium 
supports (0.24 thick), and giving careful attention to the 
reduction of scattering in the analyzer; to correct for the 
effects of the source-support, he used an empirical relation 
suggested by the measurements of Flammersfeld :4 


log support =a-— bE, 


where a and 3b are constants. Dr. Madsen writes that his 
results, shown by curve (B) in Fig. 1, seem to be in good 
agreement with our earlier observations.® 

Curve (C) in Fig. 1 shows the distribution which we have 
recently obtained from observations of beta-particle tracks 
from a vapor of Bi?!°(CH3)3; in a cloud chamber. Professor 
Richardson writes that Mrs. A. Leigh-Smith and he considered 
this method some years ago. In our observations 131 tracks 
were photographed non-stereoscopically and measured by the 
method of Petrova.* Corrections were applied to reduce the 
errors of projections and to allow for the change of effective 
solid angle with track-length. The conversion to energy as the 
independent variable, was effected with the best available 
composite relations of energy and of stopping power to range 
for particles of low energy. 

There is a significant measure of general agreement between 
the three sets of data shown in Fig. 1, possibly strengthened 
by the fact (based on the coherence of curve (B) with our 
earlier results) that data (A) and curve (B) may be under- 
corrected for the effects of the source-supports. Thus it 
appears: (1) that the maximum of intensity in the observed 
spectrum of beta-particle energies from RaE£ lies at a rather 
low energy (~30 kev, more or less); and (2) that the intensity 
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Fic, 1, Three determinations of the beta-decay spectrum of RaE at very 
low energies, normalized to approximately the same maximum intensity. 
See text for references. 
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in this observed spectrum drops off sharply at lower energies, 
apparently to quite small values. It is impossible to overem- 
phasize the need for further investigations of this spectrum, 
for these conclusions appear to stand in contradiction of the 
modern theories of beta-decay. 


* The new data reported here, shown as curve (C) in Fig. 1, were ob- 
tained in 1948 in the research laboratories of The University of North 
Carolina in Chapel Hill. 

1H. O. W. Richardson, Proc. Roy. Soc. 147A, 442 (1934). 

2 The investigations of Flammersfeld (reference 4) and of G. J. Neary 
(Proc. Roy. Soc. 175A, 71 (1940)), though not directed entirely toward the 
low-energy spectrum, yielded distributions which had positive derivatives 
at these energies. , P 
( 3 ms B. Madsen, Acta Jutlandica Aarskrift for.Aarhus Universitet XV, 1 
1942). 

4A, Flammersfeld, Zeits. f. Physik 112, 727 (1939). 

§ Arthur Waltner and F. T. Rogers, Jr., Phys. Rev. 74, 699 (1948). 

6 J. Petrova, Zeits. f. Physik 55, 628 (1929). 





Measurement of Particle Energies with 
Scintillation Counters 


G. F. J. GARLICK AND R. A, FATEHALLY 
University of Birmingham, England 
March 14, 1949 


N a recent paper Kallmann! has shown that single crystals 

of cadmium sulphide, used with a photo-multiplier to 
detect single a-particles, give output pulses of fairly uniform 
size from a-particles of a given energy. Such crystals emit red 
luminescence which matches the spectral response of the 
photo-multiplier used by Kallmann. We have found that similar 
uniformity of pulse heights is obtained when small (1 X1X1.5 
mm) crystals of natural, transparent scheelite are used as 
a-particle detectors in conjunction with photo-multipliers 
having an antimony-caesium cathode. Figure 1 gives the 
“integrated bias’’ curve for pulses caused by a-particles of 
4.5-Mev energy, and also the pulse height distribution curve 
derived from it. A considerable spread of pulse heights is 
shown which is not accounted for by scattering and strag- 
gling of the incident particles. Removal of the spherical con- 
cave mirror, used in the system for collecting a large amount 
of the emitted light, does not alter the form of the “bias” 
curve to any marked extent. Similar “bias” curves were ob- 
tained for the scintillations produced in small single crystals 
of naphthalene activated by anthracene or by stilbene. We 
find that the average pulse height is approximately propor- 
tional to the energy of the incident particles. The rise in 
counting rate shown at low bias values is the result of multiple 
counting and is not present for crystals having a much more 
rapid decay of luminescence than scheelite (3 usec.). 











_ 
< —M—{[—_/ A 
$ L 
— 
Y 
> fe 8 
= 
= 
« g00}+ 
& 
<4 
; L 
400 + 
fe) n n 4 1 1 
0 10 20 30 40 50 


BIAS VOLTS 


Fic, 1. Bias curves for multiplier output pulses due to scintillations in 
scheelite crystal bombarded by a-particles of 4.5-Mev energy. A is inte- 
grated bias curve; B is pulse height_distribution curve derived from A. 





THE EDITOR 


Other observations would appear to be of interest here. We 
have found that stilbene functions as an efficient activator in 
naphthalene crystals in a similar manner to anthracene, but 
gives output pulses of about twice the magnitude of those 
from anthracene-activated crystals. We find also that for both 
these phosphors, as well as for such inorganic phosphors as 
zinc oxide, silver-activated zinc sulphide, lead-activated 
barium sulphate, and synthetic and natural scheelite, there 
are no marked differences in maximum pulse heights due to 
a-particles and y-rays, if these are of equivalent energies. 
These results are contrary to those reported by Kallmann.? 


1H. Kallmann, Phys. Rev. 75, 623 (1949). 
2H. Kallmann, Research 2, 62 (1949). 





Beta-Decay Spectrum of Ag??° 
WERNER S. EMMERICH AND J. D. KurRBATOV 


Ohio State University, Columbus, Ohio 
March 16, 1949 


HE disintegration of Ag™® has been studied previously 
by several authors.!—’ Of the two modes of disintegration 
into stable isobars, Pd"° and Cd"°, the disintegration by 
electron emission into Cd"° is well substantiated.?, The maxi- 
mum energy of the beta-spectrum was found to be 0.59 Mev. 
It was reported that the beta-spectrum is complex with more 
than half of the disintegration electrons absorbed by 2 mg 
cm~ of aluminum.! The first mode of disintegration, into 
Pd"°, has not been studied as yet either with regard to positron 
emission or to orbital electron capture. Several gamma-rays, 
of energies 0.66 Mev —44 percent, 0.90 Mev —47 percent 
partially converted and 1.40 Mev —9 percent have been found. 
In the most recent publication a converted gamma-ray of 114 
kev has been reported.® 

In the present work ethe disintegration of Ag"® into the 
isobars Cd"° and Pd"° was studied by means of a cloud 
chamber since disintegration into Pd"° by emission of posi- 
trons @ priori could not be excluded. 

The silver 110 of high specific activity was obtained from 
Oak Ridge National Laboratory, AEC. It was purified and 
mounted in the center of a cloud chamber on zapon film. 
Pictures of tracks were taken with and without magnetic 
field applied. The first series of tracks were photographed in 
air with a field of 372.5 gauss. The distribution of electrons vs. 
energies showed: (a) the existence of converted electrons cor- 
responding to the gamma-rays of Ag"!®, and (b) electrons of a 
continuous spectrum. 

The Kurie plot produced a straight line in the energy range 
from 150 kev to 550 kev with upper limit about 0.59 Mev. The 
presence of converted electron groups limited observation of 
a continuous spectrum in a cloud chamber. 

Several single positrons and pairs were found. The upper 
ratio of number of positrons, for which pairs could not be 
established, to the number of the electrons of the continuous 
spectrum did not exceed 0.2 percent. The experimental data 
obtained allowed the conclusion that there is no positron disin- 
tegration in Ag"® with branching ratio 6+/8~ higher than 0.2 
percent. 

The second series of tracks were photographed in helium 
with a field of 149 gauss. The subtraction of the 0.59-Mev con- 
tinuous spectrum and recalculations for a second Kurie plot 
produced evidence for the existence of a continuous spectrum 
of electrons with upper energy 90+10 kev. Independently it 
has been found that the electrons of the 90+-10-kev spectrum 
are in coincidence with gamma-rays.‘ The electron groups in 
the energy interval 90-150 kev were not sufficiently resolved. 

It has been shown recently that excess of low energy elec- 
trons in Kurie plots very often are due to imperfect mounting.’ 
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Conversely, with proper mounting the abundance of low 
energy electrons may be due to additional spectra as is the 
case with Ag"®, 

The authors are indebted to Professor Edward Mack, Jr. 
for his support of this research. 

It is a pleasure to express our gratitude to the Ohio State 
University Development Fund for grants for research equip- 
ment. 

1 Martin Deutsch, Phys. Rev. 72, 527 (1947). 

a Rall and Roger G. Wilkinson, Phys. Rev. 71, 321 (1947). 


sj. M. Cork, R. G. Shreffler, and C. M. Fowler, Phys. Rev. 74, 1657 
(1948 
4Fu-Chun Yu, Lin-Cheng Cheng, and J. D. Kurbatov, Phys. Rev. 75, 
arty et se (1949). 
D. Albert and C. S. Wu, Phys. Rev. 74, 847 (1948). 





Re Hyperfine Structure of the Ground 
Term of Hydrogen 
G. BREIT AND R. E, MEYEROTT 


Yale University,* New Haven, Connecticut 
March 23, 1949 


EFERENCES to a paper! by the authors on the hyperfine 
structure of hydrogen indicate that the results are 
understood to have a higher accuracy than they do. The 
present note is intended as an addendum to the paper with 
the object of stating the limitations more clearly. The Hamil- 
tonian contains a term called Y in the paper referred to, which 
contains products of Dirac’s a-matrices. This term is re- 
sponsible for the hyperfine structure. The employment of its 
expectation value in order to obtain an additive correction 
to the energy is the apparent limit of its applicability. The 
wave function by means of which the expectation value is 
calculated is obtained from Eq. (2) in reference 1 which is not 
accurate to relative order v?/c? where v is the electron velocity. 
The expectation value of Y cannot be expected to be accurate 
to relative order v?/c? except by accident. Therefore no claims 
for the correctness of the relativistic terms in the correction to 
hyperfine structure involving m/M can be made. The reason 
for reporting on the results of the calculations which gave such 
effects was that the relativistic effects which have been calcu- 
lated can be expected to have a bearing on the actual cor- 
rections. No certain method of obtaining these appears to be 
available. 

It should also be mentioned that in the first of the two Eqs. 
(3.1) an approximation has been made. This is immaterial 
for the hyperfine structure terms of relative order m/M and it 
does not affect the relativistic corrections to these terms in a 
qualitative way. 

The hyperfine structure appears in the calculation as a 
relativistic effect. The relativistic corrections to it remain 
uncertain because the Hamiltonian does not determine the 
wave function with the required accuracy. 


* Assisted by ONR. 
1G, Breit and R. E. Meyerott,. Phys. Rev. 72, 1023 (1947). 





On the Decay of K*° 


E, L. FrrEMAN* 
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey 
March 21, 1949 


N interesting feature of the K* decay is the evidence for 

electron capture!~> and no evidence for positron emis- 

sion.® The purpose of this note is to point out several con- 
sequences of this fact. 
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The consequences are: (1) a determination of an upper 
limit to the A‘*°—K*? mass difference, (2) the possibility of 
observing positrons from K*° if estimates'~* of the K capture 
are correct, and (3) a determination of the ratio of the nuclear 
matrix elements for the A- and Ca-transitions. 

The ratio of positron emission to electron capture is inde- 
pendent of the nuclear matrix elements to a large extent** 
and should, therefore, give a reliable estimate of the mass 
difference. If the expressions for forbidden 8-transitions” * are 
used, the ratio of positron emission to electron capture under 
the third forbidden axial vector or tensor interactions and 
Z=19 is 


0.450" 


Wr itn 
/ (n+2)8 


[0.0676+1.25» 
+8.48n?+ 12.593+1.74'+0.079n°], 


where 7»=AM-—2 and AM is the atomic mass difference in 
units of the mass of the electron. The mass difference obtained 
by use of this expression and from the expressions arising 
from various fourth forbidden interactions are practically 
identical. 

Table I gives the A‘**—K*® atomic mass difference as a 


TABLE I. A® —K“ atomic mass differences. 








4.25 
0.195 


4.00 
0.104 


3.50 
0.0203 


3.75 
0.0494 


3.25 
0.00675 


3.00 
0.00165 


AM(mc?) 0-2 
nBt re 0 








function of the ratio of positron emission to electron capture. 
If the experimental values!~* \*"/\*= 3 and \°*/\* <0.01 are 
used,® then \°*/dx°<0.005 and the A*°9—K*° mass difference 
is less than 1.6 Mev. 

The experiments on the K** B--energy endpoint require that 
the 1.55 Mev y-ray be placed on the A* side of the decay 
scheme. If experiments of references 1 to 3 are correct there 
are approximately fifteen K captures to one y-ray so that 
most of the K captures go to the ground state. This would 
lead to the conclusion that there is one positron to every two 
hundred and fifty electrons. The probability for positrons 
from the internal pair creation of the y-ray or 6-ray is much 
smaller. 

If one uses the value of the \*"/\¢ ratio, the corresponding 
upper limit to the K*°—A*® mass difference, and B~-energy 
endpoint, one can estimate the ratio of the (K*—A*) to 
(K*°—Ca**) nuclear matrix element. These are 


| Ox-a | | Ox-a | 
(= fest)- ™ (= i, 
MW Pre=a, MW /e= 


Eg-=1.4 Mev, Eg-=1.4 Mev. 


If the higher value of \*/d* is approximately correct, it 
would indicate that the A‘® and Ca‘ nuclear states are very 
similar and probably have the same parity. However, the 
lower value of \®"/\* has more experimental support. 

The author wishes to thank Professor E. P. Wigner for 
several stimulating discussions. 


* AEC post-doctoral fellow. 

** This ratio is completely independent of the nuclear matrix element for 
the third forbidden tensor and axial vector interaction and the fourth 
forbidden scalar, axial vector and pseudoscalar interactions. For the other 
fourth forbidden interactions and the various linear combinations,the 
»§* pe ratio involves the ratio of certain matrix elements between the 
same initial and final states. These can be estimated fairly well. 

1F, C. Thompson and S. Rowlands, Nature 152, 103 (1943). 
2 E, Bleuler and M. —— Helv. Phys. Acta 20, 67 (1947). 
3L. Ahrens and R. D. Evans, Phys. Rev. 74, 279 (1948). 

4L. T. Aldrich and A. O. Nier, Phys. Rev. 74, 876 (1948). 

§H, F. Suess, Phys. Rev. 73, 1209 (1948). 

* Bothe and Flammersfeld, Naturwis. 29, 194 (1941). 

7 Eugene ty ig” Phys. Rev. 61, 568 (1942). 

*W. Goode, Peaslee, and M. Deutch, Phys. Rev. 69, 313 (1946). 
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On the Maximum 6-Energy Release in Tritium* 


L. Stack, G. E. OWEN, AND H. PRIMAKOFF 
Washington University, St. Louis, Missouri 
March 10, 1949 


OME time ago (1947) Konopinski emphasized that the 

then existing data on the half-life and the maximum 
B-energy release in H* implied a “degree of allowedness”’ for it 
much greater than that for the supposedly equally allowed 
He® spectrum :! 


| M|? ft.=900 for H3, |M|? ft.=5760 for He’. 


More recently Bowers and Rosen? have pointed out that work 





5.69+0.06 kev =average f-energy release =((e—1))ay 


- a = (e— wae ~exp(-772 eat @- 1 )¥e(€max — €)*(e— 1 )de 
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by Curran et al. and by Novick‘ (maximum 6-energy release 
of 16.9+0.3 kev; half-life of 12 years) greatly minimize the 
above discrepancy, while the yet unpublished maximum 
B-energy value of Pontecorvo obtained with a proportional 
counter, 18.5 kev (quoted in Seaborg),® practically removes it 
(see below). 

We wish to remark in the present note that the accurate 
calorimetric determination of the average f-energy release 
in H, 5.69+0.06 kev, just published by Jenks et al.* enables 
an equally accurate determination of the maximum #-energy 
release which, moreover, turns out to be in excellent agreement 
with Pontecorvo’s. Thus, suppose the tritium spectrum is 
Fermi allowed; one then has:? 





Fara ot 
137 (@-—1)8 0 *P 


where e=kinetic+rest energy of the emitted 8-particle (in 
units of its rest energy), €max = maximum kinetic+rest energy 
of the emitted #-particle, and Z=nuclear charge of the 
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Fic, 2. A: Kurie plot for an H® @-distribution with Z =2. B: Plot of the 
same distribution with Coulomb factor appropriate to Z =1. 
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daughter element = 2. Numerical integration and interpolation 
in Eq. (1) gives (see Fig. 1): 


€max — 1 = (3.64+0.04) X 10? = 18.6+0.2 kev, 


the discrepancy with Pontecorvo’s value being well within 
experimental error. A comparison of the ‘‘degrees of allowed- 
ness” of H? and He® (calculated with the above (€max)Hs, with 
an Hi half-life of 12.46 years,* and with more recent values of 
the half-life and maximum §-energy release of He®: 0.89 sec.5, 
(€max) Hes = 3.50.6 Mev®) yields: 


| M|? ft.= 3360-200 for H3, 
| M|? ft. =6300-+3000 for He’. 


Complete consistency is thereby established between the 
last quoted H* and He® measurements and between the appli- 
cation of the Gamow-Teller selection rules to these two 
simplest of the 8-active nuclei. 

In conclusion it may be pointed out that if we had (incor- 
rectly) used the value Z = 1, appropriate to the parent nucleus, 
in the Coulomb factor of the f-energy distribution in the 
integral, we would have obtained the (incorrect) maximum 
B-energy release: 17.8+0.2 kev. The error made in using Z=1 
instead of Z=2 is also appreciable in the Kurie plot of the 
B-spectrum; below we append a Kurie plot of an H® £-dis- 
tribution actually obeying the Fermi allowed shape with Z=2 
(curve A, Fig. 2); the same distribution is then plotted with 
use of a Coulomb factor appropriate to Z = 1 (curve B, Fig. 2). 

* Assisted by the joint program of the ONR the AEC, 

1E,. J. Konopinski, Phys. Rev. 72, 518 (1947) 

<; A. Bowers and N. Rosen, Phys. Rev. 75, 523 (1949). 

S. C. Curran, J. Angus, and'A. L. Cockcroft, Nature 162, 302 (1948). 

cA, Noviok, Phys. Rev. 72, 972 (1947). 

5G, T. Seaborg, Rev. Mod. Phys. 20, + (1948). 

a o6. H. Jenks, J. A. Ghormley, and F.H . Sweeton, Phys, Rev. 75, 701 
7The use of the non-relativistic Coulomb factor in the Fermi allowed 


wre function in Eq. (1) introduces a negligible error. 
. Sommers and R. Sherr, Phys. Rev. 69, 21 (1946). 





Neutron and Proton Binding Energies in the Region 
of Lead* 


KATHARINE Way** 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 
March 18, 1949 


HE maxima in a-particle decay energies for mass 


numbers 210-215 recently emphasized by Perlman, . 


Ghiorso, and Seaborg! can be looked at in terms of neutron 
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and proton energies and, when thus interpreted, reveal rather 
sharp discontinuities in these bindings at proton number 82 
and neutron number 126. The numbers 82 and 126 are two 
of the “‘magic’’ numbers connected with marked nuclear 
stability on which attention has been focused by M. G. 
Mayer.? If one considers these “‘magic’’ numbers as numbers 
for which neutron or proton shells are closed, one would expect 
unusually high binding energies for the 82nd, 8ist, etc., 
proton and for the 126th, 125th, etc., neutron and unusually 
small bindings for protons with number slightly greater than 
82 and neutrons with number slightly greater than 126. As 
the new shells fill up, the binding energies should gradually 
return to “normal.” 

The binding energy of four neutrons to certain heavy 
nuclei can be found with a good deal of accuracy from known 
a- and #-decay energies. Thus the binding energy of four 
neutrons to U** is equal to {mass (U**)+mass (4n’s) 
—mass (U%*)} or {mass (4n’s)—mass (He*)—E,(U"*) 
— Eg(UX1)—Eg(UX2)—Erecou} which equals** {29.64—4.18 
—0.20—2.32—0.07} or 22.9 Mev. The binding energy of four 
neutrons to Pb*** turns out by a similar calculation to be only 
17.6 Mev using Eg(ThB)=0.88 Mev, Eg(ThC)=2.20 Mev, 
and Eg(ThC’)=8.78 Mev. The Bohr-Wheeler® liquid drop 
model with the semiempirical constants given by them gives 
22.8 Mev for the binding of 4 neutrons to U4. However, for 
the Pb?°* value the Bohr-Wheeler model gives again 22.8 Mev 
in marked disagreement with the 17.6 Mev now found from 
decay energies. 

If one neutron binding energy in each of the four naturally 
radioactive families is known, a whole series of additional 
binding energies can be calculated from the information now 
available on a- and §-decay energies. In the case of a-decay 


B,(A—4, Z—2)=B,(A, Z)—Ee— Eas, 


where B,(A,Z) is the binding energy of a neutron to a 
nucleus with mass A and charge Z, and where Eq: and Eaz 
are the disintegration energies associated with the emission 
of a-particles from the nuclei (A, Z) and (A+1, Z), respec- 
tively. A similar relation holds for B-decay. 

Since no measurements of neutron binding energies in the 
very heavy region are available, the four individual values for 
U4, U5, U6, and U7 given by the Bohr-Wheeler model 
have been taken as starting points. The sum of these four 
binding energies as already pointed out, agrees very well with 
the latest measurements of a- and §-decay energies and there 
seems at present no reason to believe that shell structure plays 
an important part in nuclear binding in the uranium region. 

Proceeding in steps by means of decay energies the neutron 
and proton binding energies in the region of the two magic 
numbers 82 and 126 have been calculated. The results are in 
doubt not only because of inaccuracy in the binding energies 
taken as starting points but also because of uncertainties in 
some of the disintegration energies, especially those for 8-decay 
where decay schemes are often in some doubt. Some checks 
were possible from stability considerations and cycle calcula- 
tions but in some cases it was necessary to depend on cycle 
calculations entirely. Such a calculation is one in which a 
value is found by requiring disintegration energies leading 
from the same initial to the same final nucleus to be equal. 

Table I shows the results. Here the value 7.1 in the first 
row is the binding energy in Mev of the 126th neutron to a 
nucleus containing 81 protons and 125 neutrons, while the 
value 7.8 in the second row gives the binding energy of the 
82nd proton to the same nucleus. The values found support 
the shell picture since unusually high binding energies are 
observed just before and unusually small ones just after the 

completion of the shells at neutron number 126 and proton 
number 82. The nucleus Pb?°* containing both 82 protons and 
126 neutrons is seen to act like a core, additional neutrons and 
protons being bound to it by approximately equal amounts. 
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TABLE I. Neutron and proton binding energies. 








ad 124 125 





126 127 128 129 130 131 

Tle aa 3.5 4.7 4.0(?) 
7.8 PY 7.7 .5(?) 

Pbsz 6.9 7.0 3.5 Le 4.0 4.6 

aS 4.9 4.6 4. 
Bis3 - 4.9 5.3 4.1 4.9 4.3 

S23 by 5.6 5.4 6.7 6.7 
Poss 4.8 5.7 4.0 6.2 4.3 5.3 
Atss 4.9 $5 








* Experimental value of 7.45+0.2 just reported by McElhinney e al., 
Phys. Rev. 75, 542 (1949). 


Results rather similar to those of Table I were found by 
Berthelot’ in 1942 from data on the disintegration energies of 
Pb, Bi, and Po isotopes only. 


* This document is based on work performed under contract W-7405- 

eng-26 for AEC at the Oak Ridge National Laboratory. 
Present address: National Bureau of Standards, Washington, D. C. 

1], Perlman, A. Ghiorso, and G. T. Seaborg, Phys. Rev. 74, 1730 (1948). 

2 Maria G. Mayer, Phys. Rev. 74, 235 (1948). 

3H. Bradt and P. Sherrer, Helv. Phys. Acta 19, 307 (1946); Phys. Rev. 
71, 141 (1947). 

4H. Bradt, Nucleonics (May 1948), Part 2. 

5 N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939), 

A. Berthelot, J. de phys. et rad. (VIII) 3, 17 (1942). 





Erratum: On the Application of Heisenberg’s 
Theory of S-Matrix to the Problems of Reso- 
nance Scattering and Reactions in 
Nuclear Physics 
[Phys. Rev. 74, 131 (1948)] 

Ninc Hu* 

Universitetets Institut for Teoretisk Fysik, Copenhagen, Denmark 


T should be pointed out, first, that the one-level formula 
(52) is not different from the one given in literature. The 
difference in form is only due to the fact that in (52) the true 
level Ws and true width gs are used, while in the usual for- 
mulation Ws and ys are defined differently. Second, the param- 
eters a and 8 of Section 4 should in general cases be considered 
as functions of ka and ke. No demand on the analytical 
nature of a and 8 can be made by the present treatment. In 
fact they are not analytic according to the treatment of 
Wigner and Eisenbud.! Third, the present author was not 
aware of several papers by Professor Wigner and others! which 
give many far reaching results. Therefore he is anxious to 
withdraw the last sentence in the Introduction of his paper. 
* Now at Laboratory of Nuclear Studies, Cornell University, Ithaca, 
New York. 


1E, P. Wigner and L. Eisenbud, Phys. Rev. 72, 29 (1947); E. P. Wigner, 
Phys. Rev. 73, 1002. (1948); G. Goertzel, Phys. Rev. 73, 1463 (1948). 





Erratum: Second-Order Stark Effect of Methyl 
Chloride 
[Phys. Rev. 75, 889 (1949)] 
ROBERT KARPLUS AND A. HARRY SHARBAUGH 
General Electric Research Laboratory, Schenectady, New York 


ECAUSE of an error in reducing the data, the field 

strengths of Fig. 1 should all be reduced by the factor 
0.91. Using the corrected field strengths, the value of the 
dipole moment for methyl chloride becomes yo=1.87+0.03 
Debye units, which is in agreement with 1.86D given by 
Smyth.! 


1C, P. Smyth, Dielectric Constant and Molecular Structure (Reinhold 
Publishing Company, New York, 1931). 
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The Hydrogen Sulfide Bands at 10,200 cm— * 
Haroip R. Grapy** AND Paut C. Cross 
Metcalf Chemical Laboratories, Brown University, Providence, Rhode Island 
AND 
GILBERT W. KING 
Arthur D. Little, Inc., Cambridge, Massachusetis 
March 22, 1949 


PPROXIMATELY ninety absorption lines have been 

measured in the region 10,070 cm™ to 10,270 cm™ using 

a 21-foot grating (15,000 lines per inch) and a path of 220 ft. 

of H.S at 0.75 atmosphere pressure. The high frequency por- 

tion of this region also contains a number of atmospheric 
water vapor lines. 

Essentially all these lines are assigned as water lines or as 
transitions in one (or both) of two bands at vp= 10,194.48 cm 
and »o= 10,188.25 cm=, respectively. The selection rules cor- 
respond in the first band to the electric moment along the axis 
of least inertia, perpendicular to the symmetry axis and, in the 
second band, along the axis of intermediate inertia, parallel to 
the symmetry axis. The constants are tabulated (see Table I) 


TABLE I. Constants for the H2S molecule. 








vo 0.00 9911.05 10188,25 10194.48 cm! 

a 10.373 9.883 9.605 9.698 

b 8.991 8.340 8.560 = rod 

c 4.732 4.474 4.477 

Ia 2.698 2.832 2.914 2: $86 X10-4° g cm? 
Io 3.113 3.356 3.269 3.306 

Te 5.914 6.255 6.251 6.233 

4 0.103 0.067 0.068 0.041 








together with those derived from the 9911.05 cm~ band,}? 
recalculated using h/8x*c = 27.9865 X 10-* g cm. 

In the table, A=7-—J,— J, and the inertial constants a, b, ¢ 
were determined by least squares after applying a first-order 
classical correction for centrifugal distortion.1 The 9911 and 
10,194 bands are probably the (v,vzv3) = (130) and (310) bands, 
considerably mixed by resonance.’ The 10,188 band is believed 
to correspond approximately to the (400) band, also possibly 
involved in resonance. Since the absorption in this band is 
much weaker than in the other band, the upper state constants 
are not as well established as are those given for the 10,194 
band. 

The previous report! of a new band at about 10,100 cm 
was an erroneous conclusion based on the observed spacing in 
this region as about that expected in an R-branch near the 
band center. This spacing is now established as due to the 
interspersed P-branches of the two new bands reported here. 

* This work was supported in part by the Office of Naval Research Con- 
tract N6ori-88 Task I. 

** Arthur D., Little Fellow in chemistry. 

1P, C. Cross, Phys. Rev. 47, 7 (1935). 


2B. L. Crawford and P. C. Cross, J. Chem. Phys. 5, 621 (1937). 
3B. T. Darling and D. M. Dennison, Phys. Rev. 57, 128 (1940). 





On the Anomalous Line-Shapes in the Ammonia 
Inversion Spectrum at High Pressures 


P. W. ANDERSON*® ** 
Harvard University, Cambridge, Massachusetts 
March 17, 1949 


HE purpose of this letter is to suggest a qualitative, 
rather than rigorous, explanation of the magnitude and 
direction of the observed anomalies in line-shapes in the 
ammonia inversion spectrum.!~‘ At high pressures the line is 
found to be much narrower than would be expected on the 
standard theory, and is shifted strongly to lower frequencies. 
It appears that these effects can be explained on the basis of 
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simple permanent dipole interaction of two ammonia mole. 
cules, without bringing in the complicated effects suggested by 
some authors, »*¢ 

We limit ourselves to the statistical type of theory, in 
which the perturbed energy of the levels of interest for two 
molecules fixed relative to each other is computed as a function 
of the intermolecular distance 7, and then suitably averaged 
over all 7 to obtain the line-shape. One can think of our results 
in terms of a single molecule in a varying electric field. In 
weak fields the ‘‘proper linear combinations”’ of wave functions 
are ¥4=(¥+x+y_x)(1/v2) and y_=(¥4n—y_x)(1/v2), where 
vx and y_x are the “single-ended’’ wave functions in which 
the N atom is thought of as on one side or the other of the 
potential barrier formed by the triangle of H atoms. The per- 
turbation is second order and small (not true in the case of 
two atoms), and the selection rule is y,<>y-_ only. 

On the other hand, under a strong electric field, such that 
the perturbation, p-E, is greater than the inversion splitting 
AE, the inversion is completely broken down by the external 
perturbation, and the right linear combinations are ¥4x« and 
y_x. Here the selection rule is +K-+>—K, so that the only 
allowed radiation is composed of jumps in magnetic quantum 
number of one, small in frequency relative to the +X splitting. 
It seems clear that such a change in selection rules can account 
both for the shift and the narrowing of the observed line. 

An exact solution of the secular equation, simplified by 
ignoring the m-dependence of all quantities, and thus by 
using an unperturbed wave functions the products ¥.(1)y4.(2), 
shows that the same considerations apply in this more com- 
plicated case, except that the degenerate pair of levels 
¥4(1)y_(2) and y_(1)y4(2) always undergo a first-order per- 
turbation. The perturbing energy is the simple first-order 
interaction of two dipoles 


1 
=F ]p.-p.— 


The observed anomaly has become pronounced at atmos- 
pheric pressure. At this*pressure it is easy to show that the 
molecules are within distances such that H(r)>AE for a large 
percentage (perhaps 50 percent) of the time. In this case one 
would suspect that the effect here discussed is quite strong 
since the molecules spend a large percentage of their time in 
the region where the strong field solution has some validity. 
Then one would expect a shift toward zero frequency and a 
narrowing of the line of much the same order of magnitude as 
is observed. A quantitative check must, of course, await a 
theory which reconciles the impact theory with the statistical 
theory used here, and in addition a complete statistical theory 
which sets up the rigorous secular equation and averages the 
result properly over all r, taking into account selection rules. 


r? 


* Now at Bell Telephone Laboratories, Inc. 
** National Research Council Predoctoral Fellow. 
1 Bleaney‘and Penrose, Proc. Phys. Soc. (London) 60, 83 (1948). 
2 Bleaney and Loubser, Nature 161, 523 (1948). 
3 DeForest F. Smith, Phys. Rev. 74, 506 (1948). 
ek Weingarten, unpublished Thesis, Columbia University, New York, 





Interaction Hamiltonian for Photon, Meson, 
and Nucleon Fields 
GEORGE J. YEVICK 


Stevens Institute of Technology, Hobok 
January 10, 1949 


[jae the methods developed by Tomonaga and col- 
laborators, we have obtained the Hamiltonian for vector 
mesons interacting simultaneously with nucleons and with the 
electromagnetic field. The method is the same as that of 
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Kanesawa and Tomonaga, who first applied it to photon-scalar 
meson interaction! and then to the photon-vector meson 
system.? The invariant interaction Hamiltonian satisfies the 


condition of integrability (A): 
hf sHp- 6H. 
[Helo], HeLoy}+3{ Mele) sete 9, (a) 
t bop dap: 


where x’p is space-like separated from xp. In view of the 
probable lack of availability of the Prog. Theo. Phys. journal, 
we shall summarize the Kanesawa-Tomonaga procedure very 
briefly. One computes the total Hamiltonian, subtracts off the 
Hamiltonian without interaction, and obtains the interaction 
part of the Hamiltonian. One makes the contact transforma- 
tion on this to the uncoupled field situation. The resulting 
Hamiltonian is usually not an invariant. In going to the 
Tomonaga relativistic wave equation, one adds on to this a 
part depending on the normal to the space-like surface which 
causes the Hamiltonian to satisfy condition (A) and also makes 
it an invariant. Thus, for the photon-vector meson-nucleon 
system we get the following: 


H= Hapt+HmptAinmt+Henmt Hinmpt+Hanmpt+Aint+An, ‘ 





where 
Hnp= —teby"tpVAy, 


Hap = te/2 (Guy Uy» _ UyrGyy) sig 3 (te)? (Gyu»*Gy» 
+2Gyr*GusNvNo) ie [(te)?/u? JA,A yUur Unp* NrNo, 


Hinm=SfiJ udu t fi* J u* by", 
Honm= (f2/2 Suv Uwt (f2*/2 )Sur* Ow", 
Fiamp = (te/u?)fi1(Ar Ur Nu)(JoNv) 
— (te/m?)fr*(An UD xy*Nu)(Jo* Ny), 
Hanmp = (te/2 \fe(SurGuv+2SprGueNrNo 
- (te/2 )f2*(Suv*Gur* + 2Syur*Guo* NvNo), 
Ain= (fifr*/u?)(Su*Nu)(J>Ny), 
Hon = (fof2*/2 )Sur* (Spe “a Son) NrNe, 
and where we define 
Ju = Vy"t py) 
Suv =p" r py; 
Guy = Aydy —A vPp, 
Uy = 0¢y/OXp Lay Igy / Oxy, 
and where A, is the photon field; ¢, the meson field; and y 
the nucleon field. The Hamp terms constitute the new con- 
tributions in as much as Hm» was first obtained by Kanesawa 
and Tomonaga? while Hinm+H2nm+Hin+H2n by Miyamoto* 
with the 6-type terms expressed differently. In deriving H we 
used the Proca formalism for the meson field. On the other 
hand, Miyamoto in considering the nucleon-meson interaction 
used in the Stuckleberg formulation employing two auxiliary 
fields. Preliminary calculations revealed no simple way of 
including the photon interaction into the Stuckleberg pro- 


cedure.* 
For completeness’ sake we give the photon-scalar meson- 


nucleon interaction Hamiltonian: 
H=Hypt+Hmp+Hinm+Hinm+Hanmp+Han, 
where 
Anp=— iepy*rpVA p, 


A (or2t 284) 
‘ate ee gb — (ie)*(A 2 — (AN?) 0% 
Hap icA,(¢ ax, an,” (te) (Ay (Ayl u) )o*, 
Hinm= fit py¥ fi*Ury pve", 


= do m ag* 
Hanm fir pyle, tiv tye 
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Heanmp= — tefa Vy" tpyWAuo+¥r'r pyWNyA No | 
+iefe* (Yy"ry pWAub*+0r"ry pW NyArNno*}, 


Hn= fofs*(Uy"ty pb) Nuyt py) Nr. 


Hyp is to be found in reference 1 and Hinm+Honm+Hon in 
reference 3. 


1 Kanesawa and Tomonaga, Prog. Theo. Phys. 3, 1 (1948). 

2? Kanesawa and Tomonaga, Prog. Theo. Phys. 3, 101 (1948). 

% Miyamoto, Prog. Theo. Phys. 3, 124 (1948). 

4 Stuckleberg, Helv. Phys. Acta. 11, 225, 299 (1938). 

5 Another aspect which requires more investigation is the utilization of 
ae linear formulation. The problem here is the role of the auxiliary 
conditions. 





Erratum and Addendum: Domain Interactions in 


the Theory of Ferromagnetic Resonance 
[Phys. Rev. 75, 893 (1949)] 
GEORGE T. RADo 
Naval Research Laboratory, Washington, D. C. 
March 22, 1949 


ECAUSE of typographical errors, Eq. (2) of this Letter 
to the Editor appeared incorrectly. The correct equation 


wit hap LOD entre 
PoltsG+i)2¢+ipe ¢ J a: 
This change does not affect any of the calculations or state- 
ments of the previous letter (to be referred to as A). 

It seems appropriate to emphasize at this time that (as 
noted in A) the use of Eq. (1) of A for the local field H’ 
assumes the validity of a 1/H? law for the approach to tech- 
nical saturation. The proposed theory is, therefore, par- 
ticularly applicable to pure nickel! carefully annealed in pure 
hydrogen and to alloys of high nickel content (e.g., Super- 
malloy). In the case of iron,? on the other hand, the law of 
approach in the fields of interest (~10* oersteds) is often of 
the 1/H type; for this reason the resonance data for iron were 
not considered in A. 

In a recent experiment Yager and Merritt® found that in 
the particular case of a certain Heusler alloy the Landé 
g-factor calculated from their microwave resonance data on 
the basis of Kittel’s theory (i.e., by neglecting domain inter- 
actions) agrees essentially with Barnett’s experimental g-value. 
This result may well be due to the failure of the 1/H? law of 
approach to saturation. The details of this problem will be 
discussed at a later date. 

Note Added in Proof: In paper A the author used and cited 
L. Néel’s formula (J. de phys. et rad. [VIII] 9, 193 (1948)) 
for the approach to saturation. It has since come to his atten- 
tion that this formula was also derived by T. Holstein and 
H. Primakoff, Phys. Rev. 59, 388 (1941), Eq. (25). 

1L. Néel, J. de phys. et rad. [VIII] 9, 193 (1948). In this paper Néel 


provides experimental confirmation (for nickel) for his 1/H? law of approach 
to saturation. 

2L. Néel, J. de phys. et rad. [VIII] 9, 184 (1948). In this paper Néel 
provides experimental confirmation (for iron) for his 1/H law of approach 
to saturation. 

3W. A. Yager and F. R. Merritt, Phys. Rev. 75, 318 (1949). This paper 
appeared after paper A had been submitted for publication. 








Cosmic-Ray Induced Nuclear Stars at High 
Altitudes* 


P. Freier, E. P. Ney, AND F. OPPENHEIMER 
University of Minnesota, Minneapolis, Minnesota 
March 23, 1949 


' E have tabulated the rate of nuclear star formation in 
Ilford C2 emulsions sent aloft by General Mills 
balloons in Minnesota under various conditions. The results 
are summarized in Table I. We believe that the result will be 











1452 





LETTERS TO THE EDITOR 


TABLE I. Number of stars/cm* of emulsion /day. 








Small Stacks 3’ X2” x4” 





Average of Average of yan ” 
4 flights 4 flights Large Stack 4” X4” X10 
based on corrected Based on time above 30,000 feet 
total time Ascent and for ascent Under Under Under Under 
above descent to and descent 0-12 g/cm? 12-25 g/cm? 25-37 g/cm? 37-50 g/cm? 
30,000 feet 70,000 feet time of glass of glass of glass of glass 
Average time per flight 5.8 hrs. 2.25 hrs. 4.1 hrs. 5.8 hrs.* 5.8 hrs.* 5.8 hrs.* 5.8 hrs.* 
Residual atmosphere 300 —14 300 —S0 24—14 300 —13* 300 —13* 300 —13* 300 —13* 
g/cm? g/cm? g/cm? g/cm? g/cm? g/cm? g/cm? 
3, 4, 5 prongs 630 +30 1260+120 320+60 770+50 1140+70 1240 +90 1050+70 
6, 7, 8, 9 prongs 320+20 350 +60 300 +50 370+40 480+50 460 +60 480 +50 
210 prongs 240+20 260+50 250425 3202435 270435 280 +45 320+40 
Total 1190+40 1870+140 880+90 1460+70 1890 +90 1980 +120 1850 +100 
Observed o-stars 12 1 9 24 19 13 
Observed total stars of =2 prongs 924 1.3% 171 0.6% 402 =2.2% 417 =5.8% 287 =6.6% 371 25% 








* This stack spent 5.8 hours above 30,000 feet (300 g/cm?), 4.6 hours above 70,000 feet (50 g/cm?), and 4 hours above 93,000 feet (15 g/cm?). 


of interest to others primarily because of the evidence for a 
strong maximum in the rate of star production below 70,000 
feet. 

The data for high altitude have been derived from four 
flights, each of which spent about four hours at altitudes 
varying from 14 to 24 g/cm®. The emulsions in these flights 
were in stacks 2” <4’ X#?” under negligible local material. 
The data from the four flights have been combined, as the 
differences between them were disguised by statistical fluc- 
tuations. 

We made one flight which rose to 50 g/cm? (70,000 feet) and 
then dropped the load by parachute. Since the rise and fall 
time for this flight (about 2} hours) was similar to the rise and 
fall time on the higher altitude flights, we have been able to 
subtract the number of stars during ascent and descent from 
the high altitude flights, and have thus been able to calculate 
the average rate of star forrnation at altitudes between 24 and 
14 g/cm? and altitudes between 50 and 300 g/cm?. The 
results are shown in Table I, columns 2 and 3, and clearly 
show the transition effect for small stars in the atmosphere. 
We have excluded the portion of the flights spent below 30,000 
feet in calculating rates. 

In addition to the flights with the small stacks (2” 4” x ?’) 
we have made one flight at the same latitude (56° N magnetic) 
with a large stack 4’’x4’’X10". The plane of the emulsion 
and the 10’ dimension were vertical. This flight remained 
above 15 g/cm? for about four hours. We have no way of cor- 
recting this flight for the ascent and descent, and, therefore, 
the top plates should be compared with rates shown in column 
I of Table I. We have, however, been able to observe the 
transition effect in this stack as well as compare the rate of 
star formation under air and glass. 

Inspection of Table I leads to the following observations: 

1. The rate of small star production at high altitudes is 
only about } the rate at intermediate altitudes. 

2. The rate of small star production in the large stack at 
high altitude (where it spent most time) is approximately 
equal to the rate of small star production in the “free atmos- 
phere” (small stack) at intermediate altitudes. 

3. The rate of large star production (210 prongs) is not 
appreciably affected by thickness of matter up to 50 g/cm’. 

4. The rate of small star production.in the stack saturates 
at a thickness of glass of about 18 g/cm’. 

5. The ratio of slow meson o-stars to all stars is roughly five 
times greater in the dense matter of the large stack than in 
the free atmosphere, even under the same total matter. 

The increased rate of production of o-stars in the large stack 
shows the effect of the meson lifetime. The approximate 
equality of the rate of production of small stars in the small 


stack at intermediate altitudes and the large stack under an 
equivalent thickness of glass indicate that these small stars 
are not produced by a particle with a lifetime less than 10-¢ 
second. It therefore seems plausible that these small stars 
are made by secondary nucleons. 

Our data are consistent with the conclusion that the 
primaries themselves generate a negligible number of small 
stars since the relatively few small stars made at high altitudes 
can be accounted for by the fraction of the primary radiation 
that, because of its obliquity, has traversed at least 60 g/cm’. 
If one assumes that at high altitudes the stars with 10 or more 
prongs are made by primaries interacting with the iodine, 
bromine and silver in the emulsion, one can calculate the 
cross section for star production. If we assume the proton flux 
to be 0.12/cm*/sec./ster., then the cross section is 0.15 x 10-4 
cm’. This value is about 1/10 the average nuclear area of the 
I, Br, and Ag. The protoh flux may well be higher at these 
latitudes than at White Sands, New Mexico. However, even 
a value of 1/20 the nuclear area would appear to be rather 
high collision cross section for the transfer and sharing of 
energy to produce a ten-prong star. The mechanism of large 
star formation may well involve the production within the 
nucleus of a shower of mesons and the subsequent interaction 
of these mesons with the other nucleons. 

It is difficult to understand the rapid saturation of the 
transition effect for the production of small star-producing 
secondaries in glass. If the small stars are produced by 
secondary neutrons as well as by charged particles, one would 
expect the rate of star production to increase down to depths 
comparable with the mean free path of the secondary neutrons. 
It is possible, however, that the rapid saturation of the small 
star transition effect arises because of a very rapid decrease 
of the cross section for star production with energy. Such a 
rapid decrease has been observed by E. Gardner! for the stars 
produced by several hundred Mev a-particles from the 
Berkeley cyclotron. 


* Assisted by the joint program of ONR and AEC. 
1E, Gardner, Phys. Rev. 75, 379 (1949). 





On the Intuitive Approach to the Spectrum of a 
Wave Equation 
PHILIP HARTMAN AND AUREL WINTNER 
Department of Mathematics, The Johns Hopkins University, Baltimore, 
Maryland 
January 19, 1949 


ET f (s), where 0=s<, be a real-valued, continuous 
. function which is not too unbounded when s—>. For 
instance, let |f(s)| <const. Under this assumption, it is 
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known! that for no value of the real parameter d will the dif- 
ferential equation 


e” +(f(s)+A)e=0 (1) 
be such as to possess only solutions satisfying 
Jr le ltds< ©. (2) 


In other words, if g=¢i(s) and g=g¢g2(s) are two linearly 
independent solutions of Eq. (1) for some A, then at least one 
of the functions ¢1, ¢2 will violate condition (2). This means 
that Eq. (1) and any homogeneous, linear boundary condition 
at s=0 (such as 9(0)=0 or ¢’(0)=0) will determine an eigen- 
value problem. This will, in particular, be the case if the 
potential f(s) tends to a finite limit when s>. 

The latter particular case of the restriction |f(s)| <const. 
can be assumed in the form 


limf(s) =0. (3) 


In this case, it can be expected, and recently it was proved,? 
that the spectrum contains every point of the half-line 
(=A < 0. 

In order to simplify the manner of speaking, let the ‘‘essen- 
tial spectrum” of a differential Eq. (1) be defined as follows: 
A )-value is in the essential spectrum if it is in the spectrum 
of every boundary condition assigned at s=0. In this ter- 
minology, the fact mentioned before can be expressed by 
saying that every point of the half-line O=\< © is in the 
essential spectrum of Eq. (1) if the potential satisfies condition 
(3). 

It was emphasized in a previous note’ that an exact defini- 
tion of the notion of a spectrum cannot be reduced to heuristic 
ideas. It will be shown below that intuitive notions on the 
spectrum are capable of leading to results which prove to be 
wrong. 

First, an intuitive approach to the notion of a spectrum 
leads to the following definition :‘ A \-value is in the spectrum 
(for some boundary condition assigned at s=0) if and only if 
the corresponding Eq. (1) hasa solution g= ¢(s) which remains 
bounded 

| e(s)| <const. when s—> (4) 


(but is not the trivial solution, ¢(s) =0). This definition clearly 
implies that a given \ cannot be in the essential spectrum 
unless the corresponding Eq. (1) has a solution ¢(s) satisfying 
condition (4). It is assumed, of course, that f(s) is subject to 
some reasonable restriction when s—> ©, such as the restriction 
mentioned before Eq. (1). 

This restriction is surely satisfied if f(s) is such as to satisfy 
condition (3). Since the latter condition assures that every 
point of the half-line 0=\< © is in the essential spectrum, 
there results the following assertion: If f(s) is subject to con- 
dition (3), then there cannot exist a positive A-value corre- 
sponding to which Eq. (1) fails to possess some solution 
satisfying condition (4). The truth of this assertion was 
deduced from the customary intuitive definition of a spectrum. 
Hence, if the assertion deduced will turn out to be false, it will 
follow that the intuitive definition must in general be dis- 
carded. 

Accordingly, it is sufficient to ascertain that, if f(s) is a 
real-valued, continuous function satisfying assumption (3), 
and if ) has a positive value, say \=1, then all solutions of the 
corresponding differential Eq. (1), that is, of 


oe” +(f(s)+1)¢=0, * (5) 


can be such as to violate condition (4): But the existence of 
such an f(s) is assured by the method of construction applied 
in an earlier paper.® In fact, the detailed construction given in 
that paper implies that such an f(s) results by placing 


f(s) =3x(s) sins — x2(s) cos*s — x’(s) coss, 
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if x(s) is defined by 
x(s)=s~4(coss) cos(logs) 


for 1 Ss< eo (and arbitrarily for 0=s<1, with the only re- 
striction that x’(s)=dx(s)/ds exists and is continuous for 
0s 1 also). 


1H, Weyl, Math. Annalen 68, 238 (1910). 

2 P, Hartman, Am. J. Math. 71, 71 (1949). 

3A, Wintner, Phys. Rev. 72, 81 (1947). 

‘See, for instance, L. Pauling and E. B. Wilson, Introduction to Quantum 
Mechanics (McGraw-Hill Book Company, Inc., New York, 1935), p. 58, 
or H. Kramers, Die Grundlagen der Quantentheorie (1938), end of first 
paragraph on p. 72, 

5 A, Wintner, Am. J. Math. 68, 385-397 (1946). An f(s) of the type desired 
above results by choosing \ =0 and u = & on p. 396 and then proceeding as 
on the bottom of p. 396 and the top of p. 397. For details, see Theorem (i) 
in a paper of the authors, to appear shortly in the Am. J. Math. 





Nuclear Quadrupole Effects in the Microwave 
Spectrum of the Asymmetric Top Molecule, 
Vinyl Chloride* 


J. H. GoLpsteIn** AND J. K. BraGcc*** 


Mallinckrodt Chemical Laboratory, Harvard University, Cambridge, 
Massachusetts 


February 28, 1949 


HE study of nuclear quadrupole effects in molecular 
spectra has heretofore been confined to linear and sym- 
metric top molecules. The theory of these effects has recently 
been extended to asymmetric tops by Bragg.! This com- 
munication is a preliminary report of the analysis of the 
observed hyperfine structure in the microwave spectrum of 
the asymmetric top vinyl chloride (C2H;Cl) with the aid of 
the first-order theory. 

Table I gives the principal lines in the K-band spectrum of 
vinyl chloride and the frequencies corrected for quadrupole 
shift, together with the values of the rotational constants and 
the asymmetry parameter «x derived from them. The transi- 
tions are designated in the notation of King, Hainer, and 
Cross,? and the listed frequencies are those of the principal 
component of each multiplet. 

The transitions were identified on the basis of an assumed 
planar model for the molecule, and were verified by measure- 
ment of Stark effect, relative intensities, temperature coef- 
ficient of intensity, and isotopic shift. The rotational constants 
were calculated from the corrected lio—211 and 11:—>2i2 
frequencies using the Mecke sum rules,’ and « was evaluated 
on the assumption of planarity. From these results, the pre- 
dicted frequencies for the 1o:—>2o2 transitions are 22,946.3 Mc 
and 22,485.3 Mc for C:H;Cl® and C2H;Cl*’, respectively. The 
close agreement of these values with the observed frequencies 
indicates that the deviation from planarity is very small. 

The first-order quadrupole interaction energy was calculated 
from the expression: 


Eo —2[2C(C+ N= +1)J(J+1) 
or 2I+1L 27(21—1)(27—1)(2I +3) 


NS Se:52") 7x00 (Tes S2! —M Se; Jr’) } , (1) 


where C= F(F+1)—I([+1)—J(J+1), xao and x» are the 
two parameters of the problem, defined by xaa=eQ(d? V/da*) 
and x»=eQ(d?V/ab?), a and b being the principal axes of 
least and intermediate moment of inertia, respectively; Q is 
the nuclear quadrupole moment; and #V/d,? and #V/d;* 
are components of the molecular electric field gradient at the 
chlorine nucleus. The quantities \*z;.77’, etc., are the line 
strengths, tabulated by Cross, Hainer, and King* for the 





lz {xaa(A°Jr;J2? 
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transition J;,—>J, appropriate to the given value of «, and 
for a component of dipole moment parallel to the axis indicated 
by the superscript. The values of xea and xs», determined by a 
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Fic. 1. Comparison of observed and calculated hyperfine structures. 


least square fit of two of the well resolved transitions of 
C:2H;Cl*® are given in Table II. 

A comparison of the observed hyperfine structures with 
those calculated from the values of xaa and x»» given in columns 
I and II of Table II is shown in Fig. 1. The indicated inten- 


TABLE I. K-band spectrum and rotational constants of vinyl chloride. 











C2H;Ci C:2H;Cl? 
Transi- Corr. for Corr. for 
tion Observed quad. effect Observed quad, effect 
101202 22,946.9 Mc 22,945.7 Mc 22,485.9 Mc 22,485.0 Mc 
110211 23,538.9 23,535.6 23,055.0 23,052.4 
11212 22,369.6 22,366.2 21,930.2 21,927.5 
B, Mc 6030.5 3.7 
C, Mc 5445.2 5341.3 
« —0.9769 —0.9779 








TABLE II. Values of the quadrupole coupling parameters xoe and xoo. 











II Ill 
lio—211 111212 Average 
xea Mc —57.6 —57.2 —57.4 
xop Me 26.1 26.3 26.2 








sities are only approximate. The two weak components cor- 
responding to AF=—1 were not observed. Analysis of the 
structure of the 1o:—>2o2 transition gave a value of —57+1 Mc 
for xaa, using for x» the average given in Table II. 

The value of xez, the quadrupole coupling constant along 
the C—Cl bond calculated from the above data and assuming 
an axially symmetric bond is —62 Mc: However, the assump- 
tion of axial symmetry leads to an unreasonable angle of orien- 
tation of the bond in the principal axis system, and would, 
moreover, not be expected if appreciable double bond character 
is present. Alternately, the assumption that the C—Cl bond 
is a principal axis of the x-dyadic, at an inclination of about 
20° to the a axis, as determined from the moments of inertia, 
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leads to a value of —67 Mc for xzz. The calculations indicate 
that the value of xz. probably lies between —62 and —70 Mc. 

Acknowledgment is due to Professor E. Bright Wilson, Jr., 
for his encouragement and advice, and to Mr. Kenneth B. 
McAfee for his valuable assistance in resolving the hyperfine 
structures described above. 


* This work was supported by the Navy Department through Contract 
NSori-76, Task Order V, ONR 

** National Research Council Predoctoral Fellow. 

*& Present address: Department of Chemistry, Cornell University, 
a New York. 

1jJ. K, Bragg, cor, Rev. 74, 533 (1948). 
aaaar” . Cross, . Hainer, and G. W. King, J. Chem. Phys, 12, 210 

3G. Herzberg, Infrared and Raman Spectra (D. Van Nostrand Company, 
Inc., New York, 1945), p. 50. 





On the Decay of Isotropic Turbulence 
S. CHANDRASEKHAR 


Yerkes Observatory, University of Chicago, Williams Bay, Wisconsin 
February 25, 1949 


N a recent paper Heisenberg! has discussed the decay of 
isotropic turbulence on the basis of the equation 


= (RG, ndb=2{ eta f "(AE Jae} free, oped, (1) 


where F(k, ¢) represents the spectrum of turbulence at time #, 
uw the viscosity, p the density and «x a pure number of order 
unity. Heisenberg has pointed out that Eq. (1) admits 
solutions of the form 


F(k, t)=t-f(kv/t), (2) 


where f(x) satisfies the integral equation 


f *§(x)dx— fxf (x) = 24H +x Jf (© Jax} J, *F(x)xtdx. (3) 


Heisenberg justifies the similarity hypothesis (2) on dimen- 
sional grounds. 
Now from Eq. (3) it readily follows that 


f(x)-constantXx as x0. (4) 


Heisenberg, further, states that for w=0, f(x)~constant 
Xx (i.e., the stationary Kolmogoroff spectrum) for x, 
and that for uo (i.e., for small Reynolds numbers) f(x) 
—constant Xx~7 for x—>«. It does not seem that the latter 
statement concerning the solution of Eq. (3) is correct. For 
letting 


g=exif(x) and y= [feds (5) 


we can show that g as a function of y satisfies the second- 
order differential equation 

gig!’ +-2y(4+2')+2g4(4—2’)—8g=0, (6) 
where primes denote differentiation with respect to y. 

The requirement that f(x)-constantXx as x—0 now 
implies that g(y) is tangential to the line g=4y at y=0. From 
Eq. (6) it now follows that there is a one-parametric family 
of solutions which have this property: indeed, the asymptotic 
behavior of these solutions at the origin is given by 


4 
aes sytyi(a+4 logy) -+0(y" log*y), (7) 


where a is an arbitrary constant. The constant a’ is related 
to u/p of Eq. (3) by 
— oo = dx 
cp =4%—0.375a—1 i( i— ) 
u/cp=% per: f (g)'-, +4 logy), (8) 
y—0 
where c is a constant; also, in evaluating the integral on the 
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Fic. 1. The solution of Eq. (6) for the case a =0. 


right-hand side the constant of integration in the equation 
(cf. Eq. (5)) 


loge= {" dy/g(y)+constant, (9) 
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is to be so adjusted that y->x‘ as x->0. The limit on the right- 
hand side of Eq. (8) exists: the logarithmic divergence of the 
integral as x—>0 exactly canceling the term $ logy. 

The quantity u/cp in Eq. (8) is essentially the reciprocal of 
the Reynolds number. 

A discussion of Eq. (6) shows that the physical solutions 
which start tangentially to the line g=4y have a single maxi- 
mum and reach the y axis for a finite y with the behavior 


2(y)~L6y0(¥— yo) J. (10) 


A direct numerical integration of Eq. (6) illustrating this 
behavior of the solutions is shown in Fig. 1. 

Since the solution curves cut the y axis for a finite y, it 
follows that the range of x is also finite and that there exists 
an Xmax for which f(x)=0. This means that whenever the 
Reynolds number is finite, there is always a minimum size to 
the eddies, during the process of decay: and that this minimum 
size grows with time like (#)!. However, when the Reynolds 
number becomes infinite this minimum size tends to zero. It 
would seem that in this latter case the solution curve becomes 
asymptotic to the Kolmogoroff line g=4y/3; for Eq. (6) 
admits a solution of the form (y—> ©), 


g=(4/3)y[1+(8/7/3)y#+4/63+0(y) J. (11) 


A more detailed discussion of Eq. (6) with tables of solu- 
tions, will be published elsewhere. 


1W. Heisenberg, Proc. Roy. Soc. A195, 402 (1948). 
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MINUTES OF THE MEETING AT THE UNIVERSITY OF CALIFORNIA, AT BERKELEY, CALIFORNIA 
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HE 290th.meeting of the American Physical 
Society was held at the University of Cali- 
fornia, Berkeley, on February 3-5, 1949. There 
were at least 200 members of the Society at the 
meeting, and the attendance at the various 
sessions varied up to a maximum of about 400. 
From the point of view of the number of papers 
presented, this was the largest meeting of the 
Society ever held on the Pacific Coast. The new 
University Cafeteria provided excellent service 
for luncheon and the local arrangements were 
excellent in every way. The various sessions were 
presided over by Professors R. T. Birge, R. B. 
Brode, J. W. Ellis, F. A. Jenkins, and J. Kaplan, 
of the University of California; Professors C. D. 
Anderson and W. A. Fowler of the California 
Institute of Technology, and Professor M. L. 
Pool of the Ohio State University. 

The invited paper by Dr. Frederick Bedell was 
read by Professor R. T. Birge, because of the 
absence of Dr. Bedell. In addition to the invited 
papers which are listed below, it was possible to 
present all of the papers on the supplementary 
program, as well as three post-deadline papers. 
These were ‘“‘Neutron-Proton Mass Difference 
from the D—D Reactions” by F. A. Jenkins, 
A. V. Tollestrup, W. A. Fowler, and C. C. 
Lauritsen; ‘‘Quantization of Magnetic Flux,” 
by L. Onsager of Yale University; and ‘“‘Com- 


parison of the Flow of Isotopically Pure Liquid 
He’ and He?,’”’ by D. W. Osborne, B. Weinstock, 
and B. M. Abraham of the Argonne National 
Laboratory. 
J. Kapian, Local Secretary 
for the Pactfic Coast 
University of California, 
Los Angeles, California. 


Invited Papers on the General Programme 


A New Concept of Catalytic Hydrocarbon Reactions from 
Isotopic Tracer Studies. Orro BEECK, Shell Development 
Company, Emeryville, California. (40 min.) 

Spectroscopic Determination of Molecular Structure. 
R. ROBERT BRATTAIN, Shell Development Company, Emery- 
ville, California. (30 min.) 

Nuclear Reactions Produced by High Energy Neutrons. 
G. F. CHEw AND M. L. GoLDBERGER, Radiation Labora- 
tory, University of California, Berkeley. (30 min.) 

Cloud-Chamber Analysis of the Particles Coming from 
Carbon when Bombarded by 90-Mev Neutrons. WILSON 
M. PowELL, Radiation Laboratory, University of Cali- 
fornia, Berkeley. 

What Led to the Founding of the American Physical 
Society. FREDERICK BEDELL, Pasadena, California. (30 
min.) 

Recent Experimental Work at the Radiation Laboratory. 
ROBERT THORNTON, Radiation Laboratory, University of 
California, Berkeley. (30 min.) 

Certain Principles Governing Mechanisms of Electrical 
Discharges Derived from Corona Studies. L. B. Lozs, 
University of California, Berkeley. (30 min.) 


Contributed Papers 


Al. Rupture Strength of Benzene.* J. J. DonoGHueE, 
E. Gerjuoy, AND R. E. VOLLRATH, University of Southern 
California.—Observations have been made by the centri- 
fuge method! of the rupture strength of outgassed samples 
of benzene sealed in Pyrex glass tubes. The equilibrium air 
pressure ranged from 1 to 10-5 cm Hg. In general, highly 
outgassed samples attained a strength so high that the 
tube was shattered by the shock of rupture. The maximum 
strength observed was 82 atmospheres. Increasing the 
equilibrium air pressure decreased the rupture strength 
and increased the variability. Very reproducible results 
have been obtained on some highly outgassed samples. 
The reproducibility is improved by careful temperature 
control. 


* Work supported by the ONR. 
1J. J. Donoghue, E. Gerjuoy, and R. E. Vollrath, Phys. Rev. 73, 


538(A) (1948). 


A2. Relative Electrodynamics. F. W. WaRBuRTON, Uni- 
versity of Redlands.—The reciprocal force equation! with 
the choice of parameter A =} describes an apparent trans- 
verse mass for an electron moving in a circular path. This 
value also predicts a magnetic moment of 0.001147 Bohr 
magneton for a stable tripole electron. As the force on any 
charge exerted by a moving electron is, on this basis, a 
function of the latter’s velocity, an electrical conductor 
can be in mechanical equilibrium only when it is not 
electrostatically neutral. In copper, for example, one atom 
in three or four should lack an electron. This mechanism 
of unequal force of a high speed electron and a slower 
proton on a negative ion, and its prediction of thermal 
electron emission as well as its suggestions for cosmic-ray 
emission, are discussed. The propagation equations for the 
scalar and vector potentials, when developed on the rela- 
tive basis, are less subjective than the Maxwell equations. 
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They involve the time derivative of the distance from the 
emitting dipole to the receiving electron, rather than the 
classical relative velocity of source and stationary observer. 
Plane wave solutions in the forms, ¢,(¢+r/(c—v,)) and 
oe(t—1r/(c+0,-)), are studied. 


1F, W. Warburton, Phys. Rev. 69, 40 (1946). 


A3. Quantum-Theory Restrictions on the General The- 
ory of Relativity. M. F. M. Ossorne, Naval Research 
Laboratory, Washington, D. C.—The limitations set by the 
uncertainty principle on the measurement of the curvature 
of space are determined by passing a small test particle 
around a geodesic triangle. In measuring the curvature of 
space around a Schwarzchild-solution particle of finite 
size and physically realized density, it is found that the 
mass must be at least of the order of 10‘ kilograms, or the 
curvatures cannot be measured with an accuracy equal to 
the order of magnitude of the terms in the defining equa- 
tions G;,=0. For smaller masses, the curvatures can only 
be measured with less accuracy and only over large regions 
of space. Similar limitations apply to alternative laws of 
gravitation involving higher derivatives of the metric. It 
is concluded that in any theory which attempts to unite 
quantum theory with the general theory of relativity, the 
relation of the metric to the energy momentum tensor, 
Gik—gik= —KTix, must appear only in the large and in a 
statistical sense, i.e., for large regions of space and large 
numbers of elementary particles. 


A4. A Method for Increasing the Safe Power Input of 
X-Ray Tubes. A. I. BERMAN, Stanford University (Intro- 
duced by P. H. Kirkpatrick).—A method for cooling x-ray 
tubes was devised, based on the moving target principle. 
The tube itself is gyrated without rotation about its axis, 
so that a point on the target describes a small circle. 
Simultaneously, the electron beam is deflected by a rotat- 
ing magnetic field so that the focal spot rotates in syn- 
chronism with, but phased 180° from, the mechanical 
gyration. The strength of the field is adjusted until the 
circle which the focal spot traces on the target face equals 
the target circle. Thus the focal spot remains stationary in 
laboratory space while rotating on the face of the target. 
The advantages are (1) it is adaptable to most x-ray tubes 
with target face perpendicular to the tube axis, and target 
diameter twice that of the longest dimension of the focal 
spot, without any modification of tube design; (2) it 
permits anode cooling without the need for vacuum 
joints, making it especially useful for continuous operation. 
Tubes, operating continuously at high power for hours at 
a time at a gyrating frequency of 6 r.p.s., have been cooled 
successfully by this method without observable shifting 
of the focal spot in laboratory space. 


AS. Betatron Injection. LEVERETT Davis, JR. AND R. V. 
Lanomutrr, California Institute of Technology.—The effect 
of inhomogeneities in the magnetic field on the radial 
oscillations of an electron in a betatron is considered by 
treating motion in a magnetic field that is constant in time 
but has arbitrary small space variations. The conditions 
that must be imposed in order that the electron not strike 
the injecting gun are considered and results bearing on the 
problem of high energy injection into a betatron, synchro- 
tron, or race track are obtained. It is found that for 2 
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approximately #, a one percent variation in B and in 
can change the amplitude of oscillation about the equi- 
librium orbit by as much as 20 percent, the exact magni- 
tude and sign depending on the phase of the inhomogenei- 
ties relative to the position of the gun. There is also usually 
a tendency for the phase to shift quickly to the point where 
the amplitude increases and to remain there. Thus, in the 
absence of other effects injection will be difficult. For 
properly chosen inhomogeneities, and particularly for in- 
homogeneities that vary with time, a permanent damping 
that will assist injection can be produced. Similar but less 
pronounced effects are obtained for other values of n. 
This work was assisted by the joint program of the Office 
of Naval Research and the Atomic Energy Commission. 


B3. Measurements of Cosmic-Ray Intensity at High 
Altitudes.* W. C. Rogscu, A. T. Bren, AND H. V. NEHER, 
California Institute of Technology.—During May-June of 
1948, Geiger counter telescopes similar to those used 
previously’ with balloons were flown in a B-29 airplane 
at 3.1 meters of water equivalent along approximately 
the 80°W geographic meridian over the geomagnetic lati- 
tude range 0° to 64°N. The following measurements were 
made: (1) the latitude effect in this range, (2) the east- 
west effect at a zenith angle of 45° in this range, (3) the 
north-south effect at high and low latitudes, (4) the zenith 
angle effect at high and low latitudes (the measurements 
1-4 were made with 0, 10, and 20 cm of lead absorber), 
(5) the total intensity was measured with an electroscope, 
and (6) the latitude effect of wide showers was investigated. 
At a pressure of 2.35 meters of water equivalent near the 
geomagnetic equator an azimuth-zenith experiment was 
made. One of the chief results of these experiments is that 
there is approximately the same asymmetries in the hard 
and soft radiations. This makes it unnecessary to assume 
different primaries for the two components. 


* This work was supported in part by the joint program of the ONR 
and the AEC. 

1A. T. Biehl, R. A. Montgomery, H. V. Neher, W. H. Pickering, and 
W. C. Roesch, Rev. Mod. Phys. 20, 360 (1948). 


B4. Latitude Dependence of Cosmic Rays at 33,000 
Feet.* A. T. Brent, H. V. NEHER, AND W. C. ROEscuH, 
California Institute of Technology.—In a series of eight 
B-29 flights made from Inyokern, California, during the 
summer of 1948, continuous recordings of the total vertical 
cosmic-ray intensity were made as a function of latitude. 
All measurements were made on the 117° West meridian 
between the borders of Canada and Mexico, and all but 
one of the flights were made at an altitude of 33,000 feet. 
The apparatus consisted of two separate Geiger counter 
telescopes and associated apparatus as previously used by 
us! with slight modifications. The results of these flights 
indicate that north of about 51° North magnetic latitude 
the total vertical intensity of cosmic rays is constant. 
Data from comparable flights made on different days agreed 
with each other within the probable error at these northern 
latitudes. However, south of 51° North a definite decrease 
of from 5 to 6 percent was found to take place within a 
few degrees of latitude. South of this break, which occurred 
at latitudes varying from 51° North to 46° North, the 
vertical intensity was again constant for at least a few 
degrees. In two cases evidence was obtained for another 
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step of about the same magnitude at about 41° North. 
These curves will be presented and discussed. 


* This work was supported in part by the joint program of the 


ONR and the AEC. 
1A. T. Biehl, R. A. Montgomery, H. V. Neher, W. H. Pickering, and 
W. C. Roesch, Rev. Mod. Phys. 20, 353 (1948). 


BS. Energy of Cosmic-Ray Particles from Ionization 
Chamber and Counter Telescope Data.* H. V. NEHER, 
California Institute of Technology.—It is well known that 
the area under the curve of ionization vs. depth gives the 
total energy incident on the top of the atmosphere. Simi- 
larly, the area under the curve beyond a given depth, h, 
gives the energy of all particles at that depth. This ignores 
energy given to hypothetical particles which never appears 
in the form of particles that ionize. In a similar way a 
counter telescope may be used to determine the total 
energy beyond a given depth provided the average specific 
ionization is known. Furthermore, the average energy of 
each ionizing particle may also be determined for any 
depth. Some of the assumptions and limitations entering 
into these calculations will be discussed. Application will 
be made to data taken at the geomagnetic equator and 
northern latitudes. 


* This work was supported in part by the joint program of the ONR 
and the AEC. 


B6. Extensive Penetrating Showers of Cosmic Rays. 
Joun IsE, JR., University of California, Berkeley.*—Ex- 
periments have been carried out at 3020 meters on the 
density spectrum of extensive cosmic-ray showers, both 
penetrating and non-penetrating, and on the penetrating 
power of the extensive penetrating showers. Threefold 
coincidences were observed between three trays of Geiger 
counters, of variable but equal area, arranged linearly 
with a separation of 4.8 meters, with various thicknesses 
of lead, ranging from 0 to 20 cm, over all counter trays. In 
all the shielded measurements, the lead thickness at sides 
and ends of the counter trays was 10 cm. The threefold 
coincidence rate per hour corrected for accidental co- 
incidences is: 


Area of 

counter trays 0 cm Pb 5 cm Pb 10cm Pb 15cm Pb 20 cm Pb 
400 cm? 48.9+0.8  6.14+0.35 0.552-0.08 0.193+0.015 
800 cm? 130 +5 -5882-0.033 


1200 cm? 234 +3 42.1+0.8  4.0140.28 1.560.09 1.18 +0.064 


From these observations the frequency of occurrence of 
Auger showers with an average particle density of o can 
be shown to be proportional to o~?-+0.0, For extensive 
penetrating showers through 20 cm of Pb the correspond- 


ing relation is o~?-65+0.09, 


* Assisted by the Joint Program of the ONR and the AEC. 


B7. The Range Spectrum of Cosmic-Ray Mesotrons. 
LAWRENCE S. GERMAIN, University of California, Berkeley. 
—A counter-controlled cloud chamber has been used to 
investigate the differential range spectrum of mesotrons 
at sea level. The chamber is 16 inches in diameter, has an 
illuminated region 5 inches deep, and contains eight lead 
plates each 8 inches wide and # inch thick. A lead absorber 
of variable thickness, up to 27 inches, may be placed 
above the chamber. The number of mesotrons observed to 


stop in the chamber per unit time has been found for 
various thicknesses of absorber above the chamber. A plot 
of the counting rate of mesotrons which stop versus the 
thickness of absorber above the chamber reveals a broad 
low peak which has its maximum at a 6-inch thickness of 
absorber. The counting rate at the peak is 4.601075 
count/sec./Sterad./g/cm? of air. The counting rate with 
no absorber above the chamber is 4.23 1075 count/sec./ 
sterad./g/cm? of air. The peak is not symmetric, falling off 
more rapidly on the side towards greater thicknesses of 
absorber. For large thicknesses of absorber, correction 
must be made for loss of particles due to scattering. 


* Assisted by the Joint Program of the ONR and the AEC. 


B8. Theoretical Values of Mass and Life-Time of 
Mesons. J. BarNOtHy, Barat College, Lake Forest, Illi- 
nois.—Theoretical considerations* have led to the con- 
clusion that electrons and protons can exist, beside their 
stable states, in different unstable states of short lifetime. 
The particles with lifetimes longer than 107? sec. are: 


Mass in mo Lifetime in sec. 
212 (205+20 Powell) 2.17-10-§ (2.15-10-® Rossi) 
3028.6 (1.40- 10-8) 
2726.7 (6.07 - 10-8) 
2301.8 (6.24-10-*) 
1396.2 4,14-10-° 
1018.2 (990+100 1.57-10-® 
Leprince-Ringuet) 
718.5 2.16- 10-1 
495.3 4.34-10-° 
335.7 (33640 Powell) , 2.20-10-® (1.1-10-* 
Richardson) 
223.8 2.31-1071° 
147.9 3.33 +1071 
97.0 2.43-1071° 
11.0 (11.4 Cowan) 0.94-10-° 


Several of these particles have already been observed ex- 
perimentally as “‘mesons.” A good agreement with the 
computed values could be stated in all cases where suffi- 
ciently exact determinations have been made. 


* J. Barnothy, Zeits. f. Physik 120, 148 (1943); Papers of Terr. 
Magn. Hungary No. 2 (1947). 


Bo. Compton-Getting Effect of Cosmic Radiation. 
M. Forr6, Barat College, Lake Forest, Illinois.—Sidereal 
time periodicity of the hard component of cosmic radiation 
was measured over periods of two years with counter 
telescopes of small aperture, in different zenith angles and 
with different lead absorbers. The results furnish for the 
amplitudes of the Compton-Getting effect values up to one- 
half percent. The maximum is shifted toward later hours 
when the thickness of the absorber is increased. (The shift 
is 8 hours for every 20 cm Pb.) A linear connection can be 
stated between logarithm of the minimal energy of the 
radiation and the phase shift of the maximum. With the 
help of certain assumptions, it was possible to compute 
from this connection the time of rotation of the Milky 
Way to 234+10 million years, in agreement with the 
astronomically determined value. 
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Cl. 10-Mev Magnetic Proton Spectrograph. SyLVAN 
RuBIN,* California Institute of Technology.—A large mag- 
netic spectrograph of the double-focusing type! is now 
under construction. Heavy charged particles will be de- 
flected on a 180° path of 16-in. mean radius in a field de- 
creasing as r~¢. The gap is 2 in. between pole faces and 6 
in. wide, containing a brass vacuum chamber, shaped to 
the contour of the pole faces. It will be connected to the 
target chamber and particle detector, both located outside 
the field. The solid angle for detection will be ~0.01 
steradian. For maximum magnetic efficiency, the coils 
will be wound around the C-shaped poles, using }’’ X 3” 
Formvar coated copper strip in 16 layers, water-cooled by 
8 interleaved layers of copper tubing. 50,000 ampere’ turns 
will be obtained at 120 volts, dissipating 15 kw in the coils, 
giving a field of 10-11 kilogauss in the gap. The return flux 
path will be divided between the center and the rim, a 
48-in. dia. semicircle. The magnetic field will be measured 
and calibrated by the same technique used on the present 
2-Mev spectrograph? with the additional possibility of 
calibrating with natural alpha-groups. 


* Now with Stanford Research Institute. 

1Svartholm and Siegbahn, Arkiv f. Astro., Math., Fys. 33A, No. 21 
(1946). 

2 Snyder, Lauritsen, Fowler,and Rubin, Phys. Rev. 74, 1564A (1948). 


C2. Automatic Slit-Width Adjuster for an Infra-Red 
Spectrometer. H.O. McManon, GILBERT W. KING, AND 
R. M. Harner, Arthur D. Little, Inc., Cambridge, Massa- 
chusetts—A mechanism adjusting slit widths to give the 
same energy on the detector at all wave numbers allows 
the actual record to be percent absorption directly in a 
single-beam instrument. Even if this is accomplished by 
double beams, or alternating the beam between sample 
and blank, this slit drive allows constant signal to noise 
and hence maximum resolution at all wave numbers. The 
slit width as a function of wave number depends on many 
variables, such as source temperature, detector sensitivity, 
which may be changed from time to time. Thus the basic 
element is a template which can be easily drawn, shaped, 
and replaced. This template is mounted on a carriage 
moved on rails by a punched steel tape driven directly 
from the shaft which rotates the Littrow mirror. The 
template, a }’’ steel plate cut to shape, drives a rod verti- 
cally, whose motion is communicated by a steel tape 
through a pulley arrangement to the shaft which opens 
the slit jaws. 

For NaCla range of 18 to 1 in slit width can be achieved, 
to cover the range 3000 to 700 cm™. The template can be 
cut without difficulty to give no irregularities causing 
spurious noise, and to give a 100 percent curve flat within 
variations caused by source temperature and drift. 


C3. Radiation Accompanying Meson Creation. L. I. 
ScuHIFF, Stanford ‘University—The electromagnetic radia- 
tion that is produced during the creation of charged vector 
mesons in nucleon-nucleon encounters is investigated in 
order to determine if it can contribute appreciably to the 
soft component of cosmic radiation. Since there is, at pres- 
ent, no reliable theory of meson creation, the calculation 
is performed in analogy with the first method used by 
Knipp and Uhlenbeck! for treating the radiation accom- 
panying beta-decay. Radiative transitions from a point- 
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source or extended-source meson state to plane waves are 
computed with the help of Gunn’s formalism.? Preliminary 
results indicate that the probability for emission of hard 
quanta by relativistic vector mesons is proportional to 
the product of the fine-structure constant and a power of 
the ratio of primary meson energy to rest energy; this is 
in contrast to the electron case, in which the power is re- 
placed by a logarithm. Such radiation may therefore be of 
significance in cosmic radiation. 


1J. K. Knipp and G. E. Uhlenbeck, Physica 3, 425 (1936). 
2 J. C. Gunn, Proc. Roy. Soc. A193, 559 (1948). 


C4. Decay Time of z-Meson. R. LATTER anp R. F. 
Curisty, Kellogg Radiation Laboratory, California Institute 
of Technology.—The lifetime for r—y-decay was computed 
assuming the Bethe-Marshak two-meson hypothesis 
(wherein x and u are directly coupled) and taking the ra 
scalar, vector, or pseudoscalar from nuclear force theory, 
the » a scalar, pseudoscalar, or spin }, from burst evidence, 
and the secondary neutral meson of the same character 
as the uw. Using all permissible combinations of these fields, 
using 4=212m, E,=3.8 Mev in the r—y-decay, and +, for 
nuclear capture ~3.3X10-* sec. for Z=10, the life- 
times found for a range of mz from 274m to 350m are 
7(pseudosc.—spin}) ~0.3 — 2.1 X 10-* sec., r(vector—>scalar 
or pseudosc.)~1.1—1.4X10-* sec., 1r(scalar—scalar or 
pseudosc.)~1.5—1.9X10-® sec., 1r(vector—spin})~0.3 
—4.0X10-* sec., and 7(scalar—spin})~0.9—1.6X 10-8 
sec. These numbers may be too high by a factor 
of 10 or too low by a factor of 3 because of the uncertainty 
in g?/he and by taking the nuclear matrix elements equal 
to Z. Instead of the Bethe-Marshak hypothesis it is pos- 
sible to assume that the w and yu are coupled directly to 
nucleons but not to each other. Divergences in the r—y 
decay calculation have prevented quantitative evaluation 
of this formulation. This work was assisted by the joint 
program of the Office of Naval Research and the Atomic 
Energy Commission. 


C5. The Spins of the Mesons.* R. SERBER, University 
of California, Berkeley—The meson mass measurements 
which show that the third particle involved in r—y decay 
has zero mass lead us to seek a description of the phe- 
nomena without introducing any new particles. The spins 
of the mesons are then determined by the capture processes 
of w- and --mesons: (1) P+y-—~N-+» (v=neutrino), 
(2) P-+a-—N. The lack of stars in w~ capture shows that 
a particle is emitted which carries off the energy. Since 
neither electrons nor y-rays are emitted, this particle must 
be a neutrino. Since w~-capture does produce stars, an 
additional particle cannot be involved in (2). It follows 
that the uw has spin 4, while the z has spin 0 or 1. The 
w—p-decay must be (3) r—>yu-+». These reactions are not 
independent; (1) is a consequence of (2) and (3). The 
u-decay takes the form (4) u—>e+2v, and one expects a con- 
tinuous electron spectrum. Calculation shows that this 
spectrum is considerably concentrated towards the upper 
limit, which helps explain the conflicting experiments on 
this subject. 


* The work described was sponsored by the AEC. 


C6. A Theorem on Cross Sections. G. C. Wick, Uni- 
versity of California, Berkeley.—An elementary generaliza- 
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tion is given of a known theorem connecting the total cross 
section o with the imaginary part of the elastically scat- 
tered amplitude in the forward direction ImF(0). The 
derivation holds for the collision between two particles 
with arbitrary spin interactions. ImF(0) is written as a 
matrix B(m,m’) where m=(mmz:) and m’=(my'm,’) repre- 
sent the spin quantum numbers of the colliding particles 
before and after the collision. The theorem states that: 
o=2d2nB(mim)/W, where W=2 m1 =(211+1)(2J2+1). It 
follows that the elastic cross section per unit solid angle 
in the forward direction is >(¢/2d)?, \ being the (relative) 
wave-length. A more detailed discussion of special cases 
will be presented. 


C7. Thermodynamic Theory of the Magnetic Transition 
Curve of Superconductors. Otto HALPERN, University of 
Southern California, Los Angeles, California.—The problem 
of the transition curve"? of superconductors in a magnetic 
field is re-examined. The point of special interest is the 
small (or vanishing) heat of reaction for zero magnetic 
field. The difficulties* arising from this fact for the thermo- 
dynamic interpretation are discussed; it is proposed that 
the critical field H, just below the field free transition 
temperature JT be given by the expression: 


H.=A(To—T)4+B(To—T)?+:-:. 


Here A and B are constants determined by the heat of 
reaction and the discontinuity in the specific heats at T». 
Our relation is compared with Rutgers! formula, and ex- 
periment. The discussion is extended to very low tem- 
peratures. 


1A, J. Rutgers, Physica 1, 1055 (1934). 
2 Gorter and Casimir, Physica 1, 306 (1939); Physik. Zeits. 35, 963 


(1934). 
3P. S. Epstein, Textbook on Thermodynamics (New York, 1937), pp. 


357-359. 


C8. Determination of the Rate of Biochemical Re- 
actions.* C. A. Tosias, University of California, Berkeley. 
—The turnover of a number of elements in the plant or 
animal body may be regarded as a series of steady-state 
reactions. The time distribution of radioactive tracers 
introduced to the body, however, does not represent a 
steady state. If certain initial conditions are fulfilled when 
the tracer is administered, a set of first-order linear dif- 
ferential equations with constant coefficients may be 
written, describing the turnover of the tracer in the body, 
assuming m different states, exchange between each pair 
of states as well as between the states and an external 
reservoir. The solution may be obtained in terms of a sum 
of a set of m exponentially varying functions of time, the 
decay constants being the “eigenvalues” of the problem. 
In experiment one may actually observe the time de- 
pendence of the concentration of the radioactive tracer in 
each state. By analyzing such data into a sum of nm ex- 
ponential functions, one obtains the eigenvalues, and one 
may also calculate the turnover rate of the carrier element 
between all states. The method will be illustrated by ex- 
amples from human iron metabolism, where such calcula- 
tions led to the identification of a new intermediary. 


* This work was carried out under the auspices of the AEC. 


D3. Corona Studies in Nitrogen, Oxygen, and Mix- 
tures.* CHARLES G. MILLER,** University of California, 
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Berkeley.—D.c. corona studies have been carried out in 
concentric cylindrical systems covering the pressure range 
715 mm to 27 mm in pure nitrogen, pure oxygen, and in 
mixtures. Self-sustaining corona discharges in pure nitro- 
gen depend exclusively on y at the cathode. In positive 
wire corona this leads to a discharge visible as anode spots; 
in negative wire corona this leads to disruptive currents if 
the nitrogen is quite pure. Self-sustaining positive corona 
in pure oxygen gives streamers at high pressures, burst 
pulses at low pressures, indicating high photon absorption 
and high photo-ionization in the gas; self-sustaining high 
current negative corona in oxygen depends on Trichel 
pulses. It is shown that the Trichel pulse onsets in oxygen 
and mixtures are not real thresholds set by a second 
Townsend coefficient. These negative thresholds depend 
on a preliminary Townsend discharge cleaning up the 
cathode, giving way to Trichel pulses as a second mode. 
It is shown that Trichel pulses in oxygen depend on O2-, 
while Trichel pulses in mixtures depend also on negative 
ions of nitrogen oxides. Comparison of the onset potentials, 
positive and negative, at various percentages of oxygen 
are made at various pressures, and throw some light on 
the relative importance of factors affecting corona 
thresholds. 


* This work was supported in part by the Research Co: 
** Now at the University of California, Santa Barbara 


ration. 
ollege. 


D4. Dust Electrostatics.* WuLF KUNKEL, University 
of California, Berkeley.—Previous results with the Hopper- 
Laby method of analysis of blow electrified dusts indicated 
these to be groups of large aggregates of the ultimate 
grains. The unsatisfactory correlation of these' aggregates 
with grain size observed by microscope on collector slides 
in the chamber led to instrumental refinements in observa- 
tion of the smaller grains and elimination of minute con- 
vection currents. The smallest microscopically observed 
grains can now reliably be observed. In consequence it 
appears, as observed by rate of fall, that while the main 
bulk by volume of blown dusts always consists of larger 
aggregates, these are invariably and distinctly outnum- 
bered by the ultimate grains in agreement with microscopic 
studies of the settled dusts gathered on microscope slides 
in the chamber. Earlier rate of fall results had been falsified 
by small upward and downward convection currents which 
had either eliminated small particles or made them appear 
larger by increased fall rates. Present data show the small 
particles to carry relatively smaller charges than previously 
found on the larger aggregates. The latter have not been 
restudied since refinement. No sign preference has been 
detected to date using homogeneous dusts on surfaces of 
the same material. 


* This work is being carried on-under an ONR contract. 


DS. Purification and Comparison of Some Organic 
Phosphors for Scintillation Counters.* JoHN W. IRVINE, JR. 
AND RayMonpD C. SANGSTER, Massachusetts Institute of 
Technology.—Naphthalene, anthracene, phenanthrene, and 
other aromatic hydrocarbons are purified by passing their 
hexane or benzene solutions through a heated column of 
activated alumina. Using an RCA 1P28 at room tem- 
perature as a detector and Co® gamma-rays for excitation, 
the different phosphors are compared under identical con- 
ditions. With the test arrangement used a plot of log 
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counting rate vs. discriminator voltage gives a straight 
line over a 40-volt range. This curve can be described by 
specifying the ordinate intercept (J) and slope (voltage to 
reduce counting rate to one-half). 


Ix10~- Vi 
Naphthalene (Bakers C.P.) 2.2 1.7 
Naphthalene (AlI,Os purified) 3.4 2.1 
Anthracene (melted in air) 1.0 4.0 
Anthracene (melted in N2) 1.0 6.0 
Phenanthrene (Al,Os purified) 1,7 3.0 
Stilbene (EKC) 1.9 3.3 
1 percent anthracene in naphthalene 3.3 5.3 
1 percent phenanthrene in naphthalene 4.5 2.1 


The purity of a phosphor has a marked effect on its 
performance. 
* Assisted by the joint program of the ONR and the AEC. 


D6. Life Tests on Self-Quenching Geiger-Mueller 
Tubes with Halogen and Polyatomic Gases as Quenching 
Agents. F. W. Brown III, P. J. Harris, anp A. L. 
KLEIN, Naval Radiological Defense Laboratory.—Several 
tubes have been filled with argon as a counting gas, and 
ethyl alcohol, ethylene,! amyl acetate, or 1-butene as the 
quenching gas. These tubes were counted at a rate of 
about 3000 counts/second and the plateaus were measured 
at selected intervals. The lifetimes were 2.2 X 10° for ethyl 
alcohol, 310° for ethylene, 1.310" for amyl acetate, 
and 1.410" total count for 1-butene. Mass spectro- 
graphic analyses have been completed giving the break- 
down products of the quenching gases. Tubes have been 
filled with a mixture of neon and argon as the counting 
gas, and chlorine? as the quenching agent. These tubes 
have been counted at a rate of 6000 counts/second and 
are giving good results after having counted 3.510" 
counts. Indications are that their lifetime is limited oniy 
by absorption or by chemical removal of:the chlorine. 

. H. Morganstern, C. L. Cowan, and A. L. Hughes, Phys. Rev. 


1 
74, 499 (1948). 
2S. H. Liebson and H. Friedman, Rev. Sci. Inst. 19, 303 (1948). 


D7. Effects of Temperature on Naphthalene and 
Anthracene Scintillation Counters. G. E. Kocu anp J. D. 
Graves, Naval Radiological Defense Laboratory.—The 
temperature dependence of the particulate gamma- 
counting efficiency of naphthalene and anthracene scintil- 
lation counters has been investigated in the regions be- 
tween —80°C and +50°C. All pulses occurring above a 
fixed level determined by the noise level of the 931A 
photo-multipliers at the maximum temperature en- 
countered (-+-50°C) were counted directly by a commercial 
scaler. The time required for a fixed number of counts 
was observed to be about twofold for naphthalene and 
fourfold for anthracene. The temperature and counting 
rate for the end point, and the maxima and minima of the 
curve for naphthalene and anthracene are shown in the 
table using arbitrary counting rate scales of 10. 


Counting rate Counting rate 


Temperature in naphthalene in anthracene 
— 80°C 8 4.5 
—30°C 4.5 (minimum) 
+10°C 10 (maximum) 10 (maximum) 
+50°C 8.5 2.5 
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D8. A Laboratory Alpha-Scintillation Counter. J. D. 
GRAVES AND J. P. Dyson, Naval Radiological Defense 
Laboratory.—A_ reliable, wide-range alpha-scintillation 
counter has been developed for use with small samples. 
It utilizes the 931A photo-multiplier, a commercial ZnS 
phosphor, and a commercial scaler and power supply. For 
4-5 Mev a from a sample up to } inch in diameter, 100 
percent efficiency is observed with 40 percent geometry. 
This efficiency remains constant over a wide range of 
phosphor thickness and temperature. With discrimination 
at the photo-multiplier noise level, a background count of 
about 10 counts per hour is observed. The resolving time 
is less than 1 microsecond. For continuous counting, how- 
ever, the upper counting rate is limited by fatigue of the 
tube rather than the resolving time. A light lock is re- 
quired for sample changing caused by the phosphorescence 
resulting from the exposure of the phosphor to daylight. 
The counter is insensitive to changes in humidity and pres- 
sure, and tube voltage over a wide range, and is free from 
microphonic effects. 


D9. Optical Method for Improving the Counting Effi- 
ciency of Scintillation Counters. R. H. Davis anp J. D. 
GRAVES, Naval Radiological Defense Laboratory.—Optical 
methods of increasing the counting efficiency of scintilla- 
tion counters by increasing the field of view have been 
studied. With extended phosphors, the photo-cathode only 
normally “sees” a small fraction of the scintillations. For 
truncated Lucite cones, it was found that the detection 
efficiency increased as the angle of the cone was made 
smaller. Consequently, various diameters and lengths of 
cylindrical glass tubing, provided with a reflecting coating, 
were tested using an extended 5-MevaZnS:Ag scintilla- 
tion source. It was found that the maximum counting rate 
when using the glass tubes was about 20 percent greater 
than that when using the direct field of view. The dimen- 
sions of the glass tube for maximum counting rate occurred 
when the length was }” long and 2” diameter for a 931A 
tube. For the direct field of view the greatest counting rate 
occurred when the position of the phosphor screen was as 
close as possible to the 931A photo-multiplier. In this 
position the tube could see a circular area about }” in 
diameter. Consequently, this system gives about a seven- 
fold increase in area of detection as well as a 20 percent 
increase in counting efficiency. 


D10. The Chi Square Test as a Criterion for Testing 
Halogen-Filled Geiger Tubes. A. B. WiLLouGHBY, Naval 
Radiological Defense Laboratory (Introduced by Richard I. 
Condit).—In the past the maximum acceptable plateau 
slope for organic quenched Geiger tubes has been about 
five percent. The newly developed halogen quenched tubes 
have an inherent slope of about six percent or more. Since 
the latter tubes appear to have an infinite life, it was de- 
cided to re-examine the criterion for acceptance of tubes. 
As a basis for a new criterion, the fact will be used that a 
good Geiger tube yields an output of counts per unit time 
that has a Poisson distribution. It is proposed that all 
tubes be statistically tested using the Chi Square Test to 
ascertain whether they give this Poisson distribution. If 
they do, they are accepted. In applying this test at various 
points along the plateau slope of a number of halogen- 
quenched tubes, it was found that the tubes passed the 








1462 


test for quite high values of p (at least p=1.5) where p is 
defined as the ratio of the counting rate at any voltage E 
to the counting rate at threshold. A Geiger tube which 
passes the Chi Square Test at the highest operating voltage 
was found always to pass it at any lower voltage. Thus the 
proposed criterion for accepting a halogen-quenched Geiger 
tube reduces to whether or not it passes the Chi Square 
Test at its highest operating voltage. 


El. Converter Thickness Corrections in Gamma-Ray 
Spectroscopy.* T. LAuRITSEN AND W. F. Hornyak, 
Kellogg Radiation Laboratory, California Institute of Tech- 
nology.—The effect of converter thickness on the location 
of the photo-electron peak for y-radiation converted in 
thorium foils has been studied, using a lens-type spec- 
trometer. Spectrometer resolutions of 1.5 percent and 3.0 
percent were used, with foils ranging in thickness from 7 
to 150 mg/cm’, and y-rays ranging in energy from 0.4 to 
3.1 Mev. For y-ray standards the 2.620-Mev radiation 
from ThD, the 411.1-kev radiation from Au!*8, and the 
annihilation radiation from N!* were used. The y-radia- 
tions from Co® and the reactions Be%(d,n)B* and 
C(d,p)C* were used as auxiliary sources. The F, I, and 
X internally converted lines from atomic layer deposits 
of ThB were used as mono-energetic electron sources. 
For the higher instrument resolution, the high energy 
extrapolated edge was found to be largely independent of 
converter thickness at all y-ray energies. At low energies 
and for saturation thicknesses, the shift in the location of 
the photo-line peak is proportional to the absolute resolu- 
tion, while at high energies and thicknesses small compared 
to the saturation thickness, the shift is just the most 
probable collision energy loss in half the converter thick- 
ness. A semiempirical expression has been developed to 
give the shift as a function of y-ray energy, resolution, and 
converter thickness. 


an work was assisted by the joint program of the ONR and the 


E2. The Beta-Decay Spectra of B” and Li*.* W. F. 
HORNYAK AND T. LauritsEN, Kellogg Radiation Labora- 
tory, California Institute of Technology.—The B-spectrum 
of Li® has been calculated from the Fermi theory of B- 
decay using as the density of states available in Be®, the 
a-particle spectrum resulting from its subsequent break 
up. A comparison of this predicted spectrum with the 
experimental one obtained at this laboratory? indicates 
close agreement above an electron kinetic energy of 6.0 
Mev and gives a Lit—2He* mass difference of 15.9+0.1 
Mev. The deviation of the observed spectrum from the 
predicted spectrum below 6.0 Mev can be taken to indi- 
cate that about 10 percent of the disintegrations go to 
narrow states in Be®, at 9.7+0.3 and ~13 Mev, which do 
not decay by a-particle emission. It is estimated that 
less than 2 percent of the 8-decay is to the ground state of 
Be® and less than 5 percent to the gamma-ray emitting 
state at 4.8 Mev, the majority of transitions being ac- 
counted for by a broad state at ~3 Mev. The Kurie plot 
of the B” 8-spectrum? is linear from an electron kinetic 
energy of 6.0 Mev to the end point. The end point of 
13.43+0.06 Mev when combined with the mass of C#8 
gives 12.01827+0.00009 a.m.u. for the mass of B™. If 5 
percent of the 8-decay is assumed to go to a narrow level 
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in C® at 7.14+0.5 Mev and possibly a broad or composite 
level at ~11. Mev, the observed non-linearity of the 
Kurie plot below 6 Mev can be accounted for. A decay of 
5 percent or less to the 4.3-Mev level in C” cannot be 
excluded. 

a work was assisted by the joint program of the ONR and the 


> gag Evans, Malich, and Risser, ing! Rev. 73, 885 (1948). 
W. F. Hornyak and T. Lauritsen, Phys. Rev., to be published. 
ay ’R. Cohen and W. F. Hornyak, Phys. Rev. 72, 1127 (1947). 


E3. Gamma-Radiation and Nuclear Pairs from F!*+-).* 
V. K. Rasmussen, W. F. HoRNYAK, AND T. LAURITSEN, 
Kellogg Radiation Laboratory, California Institute of Tech- 
nology.—The reaction F!°(p,a)O!%* leaves O"* in an excited 
state at about 6 Mev! which can decay only by the emis- 
sion of positron-electron pairs, as well as in two other 
states yielding gamma-rays of 6.1 and 7.0 Mev, respect- 
ively.2 The radiation from these three states has been 
studied in some detail, using a magnetic lens spectrometer 
to measure the energy spectra of the nuclear pairs and of 
the secondary electrons from the y-rays. The pair spectrum 
is found to extend to an upper energy limit of 5.04+0.04 
Mev, and the distribution of both positive and negative 
particles corresponds closely with theoretical expectations 
above ~2 Mev.** Compton electrons from the y-rays 
were examined at bombarding energies of 873, 939, 1352, 
and 1379 kev corresponding to known resonances, using 
thin CaF; targets and Be converters. A fit to the observed 
data by shapes calculated from the Klein Nishima formula 
taking into account the effects of spectrometer geometry 
and of energy loss in the converter yielded mean values of 
6.16+0.04 and 7.06+0.06 for the y-ray energies, in good 
agreement with the values 6.13+0.06 and 6.98+0.07 given 
by Walker and McDaniel.* The observed intensity ratios 
(6 Mev/7 Mev) are 2.5, 3.3, 1, and 4.7, respectively, at 
the four resonances. 


ae work was assisted by the joint program of the ONR and the 


1W. F. Hornyak and T. Lauritsen, Rev. Mod. Phys. 20, 191 (1948). 
2R. L. Walker and B. D. McDaniel, Phys. Rev. 74, 315 (1948). 
** We are indebted to Mr. E. R. Cohen for these calculations. 


E4. Cross Sections for C“(py) and N'(py) Reactions at 
low Energy.* E. J. Woopsury, R. N. HA,** AND W. A. 
Fow er, Kellogg Radiation Laboratory, California Institute 
of Technology.—Cross-section measurements for the re- 
action C!2(py,8+)C previously reported! have been con- 
firmed. Four thick graphite yield determinations at 128- 
kev bombarding energy gave 7.1+0.6, 7.32.7, 8.042.4, 
and 9.2+0.7 positrons per minute per one-hundred micro- 
coulombs with a counting efficiency of 26 percent. The 
cross section is calculated to be 8.541107 barn. The 
cross section decreases rapidly with decreasing bombarding 
energy in a manner consistent with barrier penetration 
factors and is equal to 19° barn at 95 kev. A sufficient 
number of positrons have been counted to give a rough 
determination of the half-life as 8-2 minutes. The reaction 
N"(p7,8+)N!® has also been studied at 128 kev using a 
thick target of titanium nitride which showed no appreci- 
able deterioration under extensive bombardment. The 
cross section was found to be ~7X10- barn but this 
must be considered to be a lower limit because of the 
possibility of the escape of O' from the target. These 
measurements indicate that at stellar temperatures the 
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nitrogen reaction rate.is approximately 1/35 that of the 
carbon reaction rate giving an abundance ratio N“:C® 
-~35:1. As this differs from the roughly equal abundances 
observed for nitrogen and carbon by Aller and Unsdéld in 
hot stars, the problem of the O" escape must be investi- 
gated more throughly. However, preliminary yield meas- 
urements under somewhat more satisfactory conditions 
at the first observable nitrogen resonance (277 kev) indi- 
cate a radiation width of about 0.01 ev which is only 2 
percent of that at the first carbon resonance. 


* This work was assisted by the joint program of the ONR and the 


** Now at the General Electric Company, Schenectady, New York. 
1W. A. Fowler and R. N. Hall, Phys. Rev. 74, 1558A (1948). 


ES. The Scattering of Protons by Lithium.* W. A. 
Fow._er, C. C. LAURITSEN, AND S. Rusin,** Kellogg Radia- 
tion Laboratory, California Institute of Technology.—The 
’ cross section for the elastic scattering of protons by Li’ 
has been measured over the range of bombarding energies 
from 250 to 1350 kev at angles of 81.1° and 137.8° in 
laboratory coordinates. Thick layers of natural lithium 
deposited in vacuum have been employed as targets. A 
double-focussing magnetic spectrometer was employed to 
analyze the energy of the scattered particles. In this way 
it was possible to measure the number of protons scattered 
from thin layers (~3-kev stopping power) of the target 
and to separate those scattered by Li’ from those scattered 
by Li®. At both scattering angles the observed cross. section 
agrees approximately with Rutherford scattering except 
at 440 kev and 1020 kev. The anomaly at 440 kev is associ- 
ated with the narrow resonance in the Li’(py) reaction. 
The maximum ratios to Rutherford scattering are 2.36 
at 137.8° and 1.60 at 81.1°. The anomaly at 1020 kev is 
associated with a broad resonance in the inelastic scattering 
_of protons by Li?7. The maximum elastic scattering cross 
sections are 1.41 barns at 81.1° and 1.22 barns at 137.8° 
while the maximum in the inelastic scattering as measured 
both by the number of protons and the intensity of the 
subsequent gamma radiation is 0.07 barn. 


* This work was assisted by the joint program of the ONR and the 


** Now at the Stanford Research Institute, Los Angeles, California. 


E6. The Disintegration Energy of Be*.* A. V. TOLLE- 
struP, C. C. LAURITSEN, AND W. A. Fow_er, Kellogg 
Radiation Laboratory, California Institute of Technology.— 
Bombardment of Be® by protons leads to the reactions 
(1) Be®(p,d)Be® and (2) Be*(p,a)Li®. The residual Be® is 
unstable to disintegration into two a-particles. The recoil 
of the Be® nucleus leads to a continuous energy distribution 
of the resulting a-particles. The Q of the deuteron reaction 
and the end point of the Be® a-spectrum can be measured 
and thereby the amount of energy by which Be® is unstable 
can be calculated. A double focusing magnetic spectrometer 
has been used to separate the particles of the above two 
reactions and to measure accurately their energies. The 
particles were detected with a scintillation counter essen- 
tially of the type described in the references below.+? The 
residual nucleus Li® in the doubly ionized state slightly 
overlaps in momentum the doubly ionized Be® decay 
alphas, because of energy loss in the beryllium foil. There- 
fore, it was necessary to supplement magnetic analysis by 
the use of stopping foils. This was also necessary in the 
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second reaction since the doubly charged Li* ions and the 
accompanying doubly charged a-particles have nearly 
the same momentum. The results of the analysis are: 
Q:=555+3 kev, Q:=2117+11 kev, and Be® is unstable 
by 84.5+10 kev. 


ane” work was assisted by the joint program of the ONR and the 
1 Marshall, Coltman, and Bennett, Rev. Sci. Inst. 19, 744 (1948). 
2A. V. Tollestrup, Phys. Rev. 74, 1561 (1948). 


E7. Beryllium-Proton Reactions and Scattering.* R. G. 
Tuomas, W. A. FowLer, AnD C. C. Lauritsen, Kellogg 
Radiation Laboratory, California Institute of Technology.— 
The cross sections of the reactions Be*(p,d) Be’, Be®(p,a)Li$, 
and Be*(~,p)Be® have been remeasured! at 138° in the 
range of bombarding energies from 250 to 1300 kev using 
a high resolution double-focusing magnetic spectrograph? 
for reaction particle analysis. Detection was by means of 
an ionization chamber, and pulse size discrimination was 
necessary to discriminate deuterons and alpha-particles 
at low energies where their curvature in the magnetic field 
is the same. The proton scattering cross section shows 
prominent anomalies at 330, 988, and 1077 kev corre- 
sponding to Be®(p,7)B!° resonances.*-§ Over the 988-kev 
resonance the ratio to Rutherford scattering varies from 
0.8 at 920 to 5.1 at 1030 kev. The alpha-particle reaction 
shows resonance or interference effects at 330 and 988 kev. 
The deuteron reaction shows resonance or interference 
effects at 330, 440, and 988 kev. The maximum cross sec- 
tions for these reactions are 0.3 and 0.4 barn, respectively 
at 330 kev. 


* This work was assisted by the joint program of the ONR and the 


EC. 
Pm, 1 aaa W. A. Fowler, and C. C. Lauritsen, Phys. Rev. 73, 
48). 
2 Snyder, Lauritsen, Fowler, and Rubin, Phys. Rev. 74, 1564 (1948). 
on % ws  wenionen T. Lauritsen, and W. A. Fowler, Phys. Rev. 72, 
9 (1947). 
4 Curran, Dee, and Petrzilka, Proc. Roy. Soc. 169, 269 (1939). 
5 Hole, Holtsmark, and Tangen, Naturwiss. 28, 335 (1940). 


E8. Proton Scattering by Li’ and Be®.* E. RicHarD 
ConHEN, California Institute of Technology.—Proton scat- 
tering resonances reported in an accompanying abstract 
by Lauritsen et al., have been analyzed for the purpose of 
determining the angular momentum of the compound 
nucleus and the relative orbital momentum of the protons. 

In the reaction Be*(p,p)Be® there is a broad resonance 
at 988 kev which we ascribe to incident s-wave protons 
forming a compound B! nucleus with J=2. With the 
usual assignment of odd parity to Be® and even parity 
to the ground state of B', the observed y-ray is electric 
dipole (spin of B!°=3). For an adequate description it has 
been necessary to include a nuclear potential scattering 
for the s-waves. Other choices, considering incident s-wave 
and J=1 or incident p-wave and J=0, , 3 have been 
tried and excluded. The narrow resonance at 1084 kev has 
been ascribed to incident p-wave and J=0. 

In Li? the well-known 440-kev resonance has been as- 
cribed to incident p-wave forming a compound Be® with 
J=1, The resonance at 1020 kev is not inconsistent with 
an assignment to incident s-waves forming a compound 
nucleus with J=1 but the presence of a broad resonance at 
higher bombarding energies precludes a detailed agreement. 


* This work was assisted by the joint program of the ONR and the 
AEC. 
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E9. Angular Distribution of y-Rays from Lithium.* 
R. F. Caristy, Kellogg Radiation Laboratory, California 
Institute of Technology—Recent work in this laboratory 
analyzed by E. R. Cohen! suggests that the 440-kev 
resonance in Li is due to p-wave protons. This, combined 
with the recent discovery of Devons and Hine? that the 
resonant and non-resonant y-rays are of different parity 
requires the non-resonant y-rays to be due to s-wave 
protons. Indeed, the intensity of non-resonant +’s is much 
too great to suppose they are in competition with the 
p-wave a-reaction. However, the resonant y-ray going to 
J=0 in Be® will then be distributed as 1+0.7 cos*@, The 
apparent symmetry of the resonant 7’s is then only under- 
standable if the mixture of 17- and 14-Mev 7’s results in 
approximate symmetry which requires that the ground 
state of Be*® have J=2 and that the 17-Mev vy be an 
appropriate mixture of electric quadrupole and magnetic 
dipole. The ratio of 17- to 14-Mev radiation which is 2:1 
forward would then be 4:1 at 90°. 


-— work was assisted by the joint program of the ONR and the 


A See accompanying abstract. 
2S. Devons and M. G. N. Hine, Phys. Rev. 74, 976 (1948). 


E10. Relative Magnetic Moments of H! and H?. E. C. 
LEVINTHAL, Stanford University, Stanford, California.*— 
A careful re-examination of the relative moments of proton 
and deuteron has been made. The results lie within the 
error first reported.! While the essence of the method has 
been unchanged, the technique of observing has been 
considerably improved. The different line shapes of the 
proton and deuteron signals has been understood in terms 
of the relaxation time and spin. Because of these different 
line shapes it was important that the symmetry of the 
separate and superimposed signals be carefully determined. 
The symmetrical signals were obtained by a systematic 
way of introducing ‘leakage’? of the correct phase. The 
success of this procedure was verified by careful photo- 
graphic analysis of the signals. From the separate sym- 
metric signals of proton and deuteron a series of superim- 
posed signals were calculated for a set of values of A, the 
beat frequency of the proton master oscillator and the 
deuteron transmittor, (A=»,/6—v2). These calculated 
curves were then compared with the actual photographs 
of the superimposed curves to give the results. 


* Work supported by grants from the ONR and The Research Cor- 


poration. 
1F, Bloch, E. C. Levinthal, and M. E. Packard, Phys. Rev. 72, 1125- 


- (1947). 
F. Bloch, Phys. Rev. 70, 473 (1946). 
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F1. Cross Sections for the Reaction T*(d,n)He‘ from 1 
to 2.5 Mev and its Use as a Neutron Source. R. F. Tas- 
CHEK, A. HEMMENDINGER, AND G. A. Jarvis, Los Alamos 
Scientific Laboratory.—Earlier workers? accelerating tri- 
tons have shown that this reaction has a broad resonance 
centered near 200-kev triton energy.and have made meas- 
urements to an equivalent deuteron energy of 600 kev. The 
present measurements are at deuteron energies of 1.0, 
1.5, 2.0, and 2.5 Mev, accelerated onto gaseous tritium 
targets. The differential cross sections between 45° and 
135° were measured by observing the alpha-particles from 


the reaction. Tentative total cross sections are obtained: 


by integration of a function fitting the observations. The 
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techniques used for handling the small quantities of gas 
and the small gas target will be described. Experience with 
the reaction as a strong source of monoergic neutrons of 
14 Mev when the target is thick, and as a source of variable 
energy neutrons from 13 to 18.5 Mev when the target is 
thin will be discussed. The method used for measuring 
absolute neutron cross sections in the latter energy range 
by simultaneous observation of the alphas will be given. 


1 Bretscher and French—LA581 and LA582. 
? Baker, Holloway, Schreiber, and King—LAMS11. 


F2. Excitation Functions for (@,n), (@,2n), (@,3n) Re- 
actions on Indium. G. M. TEMMER,* University of Cali- 
fornia, Berkeley.—Excitation curves have been obtained 
by means of a magnetic lens beta-ray spectrometer for 
Sb"8, Sb"7, and Sb"® activities; they were produced by 
alpha-particle bombardment of stacks of metallic indium 
foils in the Berkeley 60-inch cyclotron with energies up to 
37 Mev. The spectrometer built by R. W. Hayward was 
used because of the difficulty of resolution of the three 
periods concerned. The 5.1-hour period previously assigned 
to Sb"*! was followed by means of a partially converted 
gamma-ray of 260 kev. The 2.8-hour activity! has defi- 
nitely been assigned to Sb"’ by the nature of its excitation 
and contains a highly converted 156-kev gamma-ray, but 
apparently no positrons. Finally a 60-minute half-life has 
been found by Calutron analysis and by chemical separa- 
tion to belong to a new antimony isotope of mass number 
116. The latter is found to emit 1.45-Mev positrons as well 
as a gamma-ray of about 700 kev. The (a,m) process has 
a threshold at about 13 Mev and rises to a maximum at 
around 20 Mev. The (a,2m)-process sets in at approxi- 
mately 18 Mev and reaches its peak at about 28 Mev. 
The (a,3m) reaction starts in the neighborhood of 27 Mev 
and still rises at the highest beam energy investigated. 


aw Energy Commission Predoctoral Fellow. 
K. D. Coleman and M. L. Pool, Phys. Rev. 72, 1070 (1947). 


F3. Radioactive Isotopes of Rh and Pd. D. T. EGGEN 
AND M. L. Poot, The Ohio State University—Two new 
isotopes have been found following cyclotron bombard- 
ments of Ru. A 32-minute positron activity has been made 
by Ru pand Ru d bombardments. Gamma-rays and 1.65- 
Mev positrons were observed. A 5-hour Rh activity has 
been produced by Ru(,m) and Ru(a,p) reactions which 
decays by emitting x-rays, 0.6-Mev positrons, gamma- 
rays, and some electrons. Ru K x-rays have been photo- 
graphed with a curved crystal camera during the decay 
of the 21-hour Rh! activity. The 21-hour activity also 
decays by emitting a 1.55-Mev gamma-ray and 25 percent 
of the time by 1.3-Mev positron emission. The 9-hour 
Pd! has been. made by alpha-bombardment of Ru and 
decays by emitting a 0.53-Mev positron about 10 percent 
of the time and by K-electron capture to a 4.7-day Rh 
activity. The 4.7-day activity, also produced by Ru(p,m) 
and Ru(a,p) reactions, decays by K-electron capture, as 
seen by x-ray photographs, and the emission of 80- and 
130-kev gamma-rays, as determined by electron photo- 
graphs of the internally converted gammas. Equal bom- 
bardments with alpha-particles show that the 2.8-day 
Ru® is produced from Mo™“O; and Mo*0O;* by (a,”) and 
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(a,2n) reactions, respectively, with a relative cross section 
of 45:1. 


* Supplied by the Y-12 plant, Carbide and Carbon Chemicals Cor- 
poration through the Isotope Division, U. S. Atomic Energy Commis- 
sion, Oak Ridge, Tennessee. 


F4. Radioactive Silver Isotopes Produced by Photo- 
disintegration of Cadmium.* R. B. DuFFIELD ANp J. D. 
KNIGHT, University of Illinois—We have observed that 
several radioactive silver isotopes are produced when 
cadmium is irradiated with 20-Mev betatron x-rays. Two 
of these are well-known isotopes, 7.6-day Ag"! and 3.2- 
hour Ag", In addition we have found that two other 
periods, 5.3 hours and 20 minutes, are produced in com- 
parable yield. By the use of a sample enriched in Cd! 
it has been found that the 5.3-hour activity is to be as- 
signed to Ag"®, It decays by the emission of 2.0+-0.2-Mev 
beta-rays. Similarly, using a sample enriched in Cd"™®, 
the 20-minute period has been assigned to Ag™5. It decays 
by the emission of 3.0-+-0.2-Mev beta-rays. No gamma-rays 
have been observed in either case. It has recently been 
reported that isotopes of similar half-lives and beta-ray 
energies have been observed among the uranium fission 
products.»? 


* Assisted by the joint program of the ONR and AEC. 

1W. Seelman-Eggebert and F. Strassman, Zeits. f. Naturforschung 
2a, 80 (1947). 

2A. Turkevich, Plutonium Project Report ANL-4010 quoted by 
Seaborg and Perlman in UCRL Report No. 179, dated August 1948. 


F5. Angular Distribution of 14~-Mev Neutrons Scattered 
by Deuterons. J. H. Coon, R. F. TAscHEK, AND S. G. 
ForBes, Los Alamos Scientific Laboratory.—Monoergic 
14-Mev neutrons produced by bombarding a thick tritium 
target with 220-kev deuterons have been scattered from 
deuterium in a thin heavy wax radiator and the resulting 
deuteron recoils counted in, double and triple coincidence 
as a function of scattering angle. Measurements with 
different gas pressures, counter geometries, and an ab- 
sorbing foil show that there are no disintegration protons 
of energies greater than about 3.0 Mev to within about 5 
percent of the number of particles observed between 0° 
and 90° in the laboratory system; the 5 percent observed 
could be accounted for by ordinary hydrogen contamina- 
tion recoils. The distribution in number of recoil deuterons 
per unit solid angle has been measured at seven angles 
ranging from 0° to 55° in the laboratory system. The 
laboratory distribution with 7° geometrical resolution 
shows a rapid drop by a factor of 7 in going from 0° to 
30° and a less rapid rise in going from 30° to beyond 55°. 
A geometrical resolution of 3.5° shows that the factor be- 
tween 0° and 30° is greater than 7. The center of mass 
angular distribution will be shown. 


F6. Neutron-Proton Scattering.* R. CHRISTIAN AND 
E. W. Hart, University of California, Berkeley —We have 
calculated the »— scattering including tensor forces for 
various potentials. The small angular asymmetry in the 
90-Mev experiments! indicates that at least 95 percent 
of the total cross section comes from the S and D states. 
This necessitates an exchange factor of the form (1—a 
+aP,) with a ~}. (The more usual “charged” and “‘sym- 
metrical” dependence are unacceptable.) The best fit is 
obtained with the meson potential with range 1.25+0.10 


| 
| 
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10-8 cm and a=0.50-0.55. There is little distinction 
between the meson, gauss and exponential potentials, all 
of which overestimate the high energy cross section by 20 
percent. The central force square well gives lower cross 
sections; however, the introduction of tensor forces in- 
creases the scattering at 90 degrees to such an extent that 
the total is also too high. Scattering from the meson po- 
tential including tensor forces is only slightly different from 
that of the corresponding central case. The overall agree- 
ment (including the 0-25-Mev experiments) with the 
meson potential is good considering the experimental 
uncertainties. 
* The work described was sponsored by the AEC. 


1 Brueckner, Hartsough, Hayward, and Powell, Phys. Rev., in press; 
Hadley, Kelley, Leith, Segré, Wiegand, and York, Phys. Rev., in press. 


F7. Camera for P—P Scattering at 32 Mev.* WoLFGANG 
K. H. PANOFSKY AND FRANKLIN FILLMORE. University of 
California, Berkeley.—A camera has been constructed for 
exposing nuclear track emulsion plates to protons scat- 
tered in He gas from the 32-Mev beam from the linear 
accelerator. The camera is arranged such that no exit 
slits are necessary. The angular range of scattering angles 
from 10° to 80° is accessible. Since p— scattering is 
symmetrical about 45°, this large angular range permits 
an internal check against the effect of impurities and back- 
ground. The geometry is such that the number of tracks 
per unit solid angle interval in the center of mass system 
is directly proportional to the differential cross section in 
the center of mass system, without any angular factors. 
The proton beam is collimated to a diameter of 7’, then 
passed through the camera containing up to twenty 
1’’X3” Nuclear plates and is then integrated. The plates 
are arranged symmetrically in order to minimize the 
required accuracy of the centering of the beam. Back- 
ground and symmetry studies are in progress and appear 
satisfactory. © 


* This work was sponsored by the AEC, 


F8. Apparatus for Measuring Proton-Proton Scattering 


- at 32 Mev Using Proportional Counters.* B. Cork, 


L. JoHNSTON, AND C. RICHMAN. University of California, 
Berkeley.—The linear accelerator is well adapted to proton- 
proton scattering experiments because of its well-colli- 
mated and mono-energetic beam (0.1° angular spread, 
0.3 percent energy spread). The scatterer used is hydrogen 
gas at one atmosphere, the scattering region being roughly 
a cylinder 0.5 cm in diameter and 2 cm long. Seven pro- 
portional counters shaped as annular rings record scatter- 
ing at 15°, 21°, 27°, 33°, 39°, 45°, 51° (laboratory system) 
simultaneously, with a possibility of getting a 90° co- 
incidence check between 45°-45° and 39°-51° counters. 
The annular shape provides a maximum solid angle for 
the counters. In this way scattering experiments can be 
done with currents ~10-" ampere of collimated protons. 
Scattering from contaminating gases is minimized by con- 
tinuously flushing pure hydrogen from a palladium tube 
through the system, the gas entering at the scattering 
region. A large background was experienced due to ener- 
getic neutrons, generated by 32-Mev protons striking the 
collimating slits; this has been reduced to less than 10 
percent of the counting rate by a rearrangement of slits 
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and absorbing material. The measurements may eventually 
be extended down to 5°. Some preliminary results will be 
discussed. 


* This work was performed under the auspices of the AEC. 


F9. Elastic Scattering of 90-Mev Neutrons. A. BRATE- 
NAHL, R. H. HILDEBRAND, C. E. LEITH, AND B. J. MOYER, 
University of California, Berkeley—An-experiment to de- 
termine the differential cross sections at various angles for 
elastic scattering of 90-Mev neutrons by C, Al, Cu, Ag, 
and Pb nuclei will be described. A comparison will be made 
between measurements using two types of neutron de- 
tectors; pieces of carbon activated by the C#(m,2n)C™ 
reaction (20.5-Mev threshold) and a recoil proton counter 
(60-Mev threshold). This comparison provides a measure 
of the error due to detection of inelastically scattered 
neutrons. Elastic scattering cross sections are obtained by 
integration of the differential cross sections. These scatter- 
ing cross sections will be compared to total cross sections 
determined by attenuation measurements using the same 
detectors. 

* The work described was sponsored by the AEC. 


F10. Analysis of Low Energy Proton-Proton Scattering 
Experiments.* G. F. CHEw AnD M. L. GOLDBERGER. 
University of California, Berkeley—From the proton- 
proton scattering experiments at Minnesota and Wis- 
consin'? one finds an “effective range®”’ for the nuclear 
force of 2.61+0.02X10-" cm and a scattering length 
7.657+0.013 X10-" cm. The exact interpretation of these 
numbers in terms of a particular shape for the potential 
generally involves extensive numerical calculations. How- 
ever, the variational formulation of the problem? shows 
that the nuclear phase shift depends only on the wave 
function in the region of strong nuclear potential. Since 
the coulomb field is here relatively unimportant, it may be 
treated as a perturbation. This will be true regardless of 
the proton energy, and the analysis is greatly simplified 
since coulomb functions need not be used. The results for 
square and Yukawa wells, respectively, are: Ranges=2.61 
and 1.16X10-% cm (+1 percent); Depths=13.27 and 
47.94 Mev (+0.2 percent). Similar calculations in con- 
nection with experiments at higher energies will also be 
discussed. 


* The work described was sponsored by the AEC. 

1 Blair, Freier, Lampi, Sleator, and Williams, Phys. Rev. 74, 553 
(1948); C. L. Critchfield and D. C. Dodder, Phys. Rev. (to be 
published). 

2G. Breit, H. M. Thaxton, and L. Eisenbud, Phys. Rev. 55, 1018 
(1939); Herb, Kerst, Parkinson, and Plain, Phys. Rev. 55, 998 (1939). 

3J. Schwinger, Phys. Rev. 72, 742 Bil (1947); J. M. Blatt, Phys. 
Rev. 74, 92 (1948). 


Gl. The Energy Spectrum of Mesotron Decay Elec- 
trons.* RoBERT B. LEIGHTON, CARL D, ANDERSON, AND 
AARON J. SErRiFF, California Institute of Technology.— 
Electrons from the decay of slow mesotrons at sea level are 
being studied by means of a freely falling cloud chamber 
of 30-cm inside diameter and 11-cm depth operating in a 
magnetic field of 7250 gauss. Slow particles are selected 
by means of a double coincidence counter telescope, the 
tower counter of which is inside the cloud chamber, and a 
tray of anticoincidence counters below the cloud chamber. 
The counter inside the chamber is rectangular in shape and 
has a flat top and bottom. This counter is also used as an 
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absorber for the determination of the mesotron mass by 
measurements of the momentum of the mesotron before 
and after it traverses the known amount of material in 
the counter. A plate of carbon 1 cm thick in the lower half 
of the cloud chamber provides an additional absorber for 
mesotron mass measurements and for the observation of 
decay electrons. About one in two hundred photographs 
show decay electrons, corresponding to about one decay 
electron per day. To date, over fifty decay electrons have 
been observed, with energies ranging from about 10 Mev 
to about 50 Mev, with an apparently continuous distribu- 
tion of intermediate energy values. The correction for 
instrumental selection is negligible except for electron 
energies below about 10 Mev. 


* This work was supported in part by the joint program of the ONR 
and the AEC. 


G2. The Decay Products and the Mass of the Meso- 
tron.* Cart D. ANDERSON, ROBERT B. LEIGHTON, AND 
AARON J. SEriFF, California Institute of Technology.—The 
measurements reported in the previous abstract lead to 
the following conclusions: (1) The decay electron energy 
spectrum appears continuous in the range 10 Mev to 50 
Mev, and cannot correspond either to a unique electron 
energy or to a set of two discrete “lines” as, e.g., at 25 
Mev and 40 Mev. (2) Those cases in which the decay elec- 
tron energy and the mesotron mass have been measured 
for the same mesotron show that these quantities do not 
bear the relationship to one another to be expected on the 
basis of conservation of momentum and energy if the 
mesotron decays simply into a single electron and a single 
particle of low mass (neutrino). Thus the observed spread 
in energy of the decay electrons is not to be ascribed to 
a corresponding range of different mass values of the meso- 
tron. (3) The decay electron spectrum is consistent with 
the assumption that mesotron decay results in the produc- 
tion of one electron and two neutrinos. On this view, the 
mass of the mesotron computed for the highest energy 
decay electron so far observed is 210+10 Mev. 


* This work was supported in part by the joint program of the ONR 
and the AEC. 


G3. On Nuclear Capture of Negative Mesotrons.* 
AARON J. SERIFF, RoBEerT B. LEIGHTON, AND Car D. 
ANDERSON, California Institute of Technology.—In the 
series of photographs made with the 12” freely falling 
cloud chamber, one case has been observed in which a 
negative mesotron comes to rest in the gas of the cloud 
chamber without the production of a decay electron. 
Several small blobs of ionization which are observed a few 
mm from the end of the mesotron track are interpreted as 
tracks of photoelectrons which result from the absorption 
in the gas of soft x-rays which are produced as the mesotron 
approaches an argon nucleus prior to its capture by the 
nucleus. No charged particles are emitted from the ‘nucleus 
after capture of the mesotron. A blob 1.5 mm long at the 
end of the mesotron track may represent the recoil of the 
nucleus after the emission of one or more neutral particles. 
If a single neutron were emitted, its energy could not have 
been greater than 25 Mev. 


* This work was supported in part by the joint program of the ONR 
and the AEC. 
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G4. Secondary Particles from Various Nuclei Bom- 
barded with 90-Mev Neutrons.* HerBert F. York, 
University of California, Berkeley—The Hp’s and ranges 
of the secondary particles from C, Cu, and Pb bombarded 
with neutrons of 90-Mev mean energy have been measured 
simultaneously by means of a magnetic field and propor- 
tional counter telescope arrangement. Both protons and 
deuterons have been found with energies extending from 
25 Mev (the present lower limit of the apparatus) to 100 
Mev. In the case of carbon the ratio of deuterons to pro- 
tons in the forward direction is about 2:3, with both energy 
distributions showing a broad maximum in the region of 
50-60 Mev. All particles are peaked forward—deuterons 
more so than protons and high energy particles more so 
than those of low energy. The total cross section of carbon 
for producing deuterons of more than 25 Mev is surpris- 
ingly large, being a few hundredths of a barn. The cross 
section per proton in the carbon nucleus for this process 
is thus of the order of one-tenth of the total »—p cross 
section at 90 Mev. For Cu and Pb the ratio of deuterons to 
protons in the forward direction is less, being approxi- 
mately 1:3 and 1:6. 


* This work was performed under the auspices of the AEC. 


G5. Recoils of Active Fluorine'* from 184-in. Cyclotron 
Bombardment. WARREN EHCKROTTE AND HuGH BRADNER, 
University of California, Berkeley—F™ has been bom- 
barded with high energy neutrons from the 184-in. cyclo- 
tron, and an angular distribution and range in Be has 
been obtained for the resultant F!*, The angular distribu- 
tion shows a pronounced forward maximum: 


Angle Relative activity 
0°— 10° 100+15% 
5°— 25° 140+15% 
20°— 40° 105+15% 
35°— 55° 85+15% 
80°— 100° 10+10% 
90°— 180° 5 


The range, measured by counting the 112-minute activity 
on a stack of 0.19-mg/cm? Be foils, was 0.8 mg/cm?. The 
interpretation of this distribution with respect to nuclear 
models will be discussed. 


* This work was sponsored by |the AEC. 


G6. Photographic Plate Confirmation of High Energy 
Deuterons from 90-Mev Neutrons on Carbon.* H. BRaD- 
NER, University of California, Berkeley—In measuring 
ranges of “protons” knocked out of a carbon target by 
90-Mev neutrons, H. York! obtained an energy distribu- 
tion at 10° which had a maximum at 40 to 50 Mev, rather 
than the 75 Mev predicted theoretically. K. Bruchner and 
W. Powell! re-examined .cloud-chamber pictures in which 
they had obtained Hp of secondary “protons” from 90- 
Mev neutrons. Their energy distribution did not agree 
with theory or with York’s experiment. “Proton” energies 
up to 130 Mev were calculated, but errors from Hp meas- 
urement were large. York pointed out that the two experi- 
ments could be reconciled if some of the ions were deu- 
terons of approximately 60 Mev. Further experiments were 
undertaken with both types of apparatus, and with photo- 
graphic plates. In the photographic plate experiment, 100 u 
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emulsion Ilford C-2 plates were set edgewise at 10° to a 
thin carbon target which was in the neutron beam outside 
the cyclotron shielding. Grain counts of tracks beginning 
at the edge of the plates and ending in the emulsion showed 
definitely that there were high energy deuterons. (Of the 
35 tracks counted, 20 were protons, 15 were deuterons.) 
The measured deuteron energies ranged from 23 Mev ‘to 
70 Mev. 


* This work was sponsored by the AEC. 
1 Unpublished work. 


G7. Inelastic Scattering of Protons.* C. LEvINTHAL, 
E. A. MARTINELLI, AND A, SILVERMAN, University of Cali- 
fornia, Berkeley—A photographic method is used to 
measure the energy distribution of inelastically scattered 
protons. The 32-Mev linear accelerator is used as a source 
of protons. Eight plates are exposed simultaneously at 
fixed polar angle, and the track lengths from 0-200 
microns are measured on each plate. With appropriate 
aluminum absorbers between the target and each plate, 
the energy distribution from 0-16 Mev or 16-28 Mev can 
be determined in one run. To determine the energy resolu- 
tion of the camera, an exposure was made with 16-Mev 
protons on carbon. The following energy levels of C” were 
observed: 0; 4.8.2; 10.0+.4 Mev. This confirms results 
obtained by Fulbright and Bush.! The width of the levels 
at half-maximum were of the order of 1.0 Mev. The calcu- 
lated width at half-maximum with the beam stopped down 
to 16 Mev is 0.7 Mev, considering only straggling in the 
various absorbers, and the initial spread of the beam. 
Results obtained by bombarding aluminum with 32-Mev 
protons will be reported. 


* This work was performed under the auspices of the AE 
1H. W. Fulbright and R. R. Bush, Phys. Rev. 74, 1323 nes). 


G8. On the Injection of Ions in the Bevatron.* R. L. 
GLUCKSTERN AND LLoyp SmiTH, University of California, 
Berkeley.—A serious problem in the operation of a bevatron 
is to insure that the ions will not strike the injector during 
the acceleration period. Since the adiabatic damping is 
negligible during the injection period, it has been proposed 
to allow the ions to spiral into the center of the chamber 
before turning on the accelerating voltage. The question is 
then whether or not the betatron oscillations will enable 
the ion to clear the injector while the instantaneous circle 
moves inward. We have investigated the probability of an 
ion being in the neighborhood of the injector on successive 
turns for various amplitudes of betatron oscillation and for 
various shapes of magnetic fields. Our conclusion is that 
for the proposed machine only } of the ions will be lost 
in this manner. This result was corroborated by tracing 
some actual ion paths. Apparently, no electromagnetic 
orbit contracting device will be necessary. 


* This paper is based on work done under the auspices of the AEC. 


G9. Production Ratio of Positive and Negative Mesons 
for Various Cyclotron Target Materials.* Walter H. 
BarKas,** University of California, Berkeley.—A study has 
been made to find the relative numbers of positive and 
negative mesons produced in various target materials by 
a beam of 380-Mev alpha-particles. Photographic plates 
to record positive and negative mesons were placed! sym- 
metrically on opposite sides of the target in the 184-inch 
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Berkeley cyclotron. Although the energy range over which 
mesons are accepted is not well defined, it is the same for 
both positives and negatives. The area scanned is such 
that no mesons are counted of energy less than 2 Mev, 
and few, if any, have energies higher than 5 Mev. The 
photographic plates used were Ilford types C.2 and C.3, 
with emulsion thickness 100 microns. Cyclotron targets 
were # inch thick. Observations were made using targets 
of Be, C, Al, Cu, In, and Pb. The survey indicates: (1) the 
production of negative mesons in the energy interval 
studied does not vary rapidly with atomic number, and 
(2) the ratio of positive to negative mesons, which is about 
+ for carbon, falls virtually to zero for heavy elements. 

* This paper is based on work performed with the support of the AEC. 

** Office of Naval Research, San Francisco, California. 


— E. Gardner, and C. M. G. Lattes, Phys. Rev. 75, 
949), 


G10. Meson Mass Measurements. Part I. Experimental 
Method.* EuGENE GARDNER, University of California, 
Berkeley—A new determination is being made of the 
masses of mesons produced by 380-Mev alpha-particles in 
the 184-inch Berkeley cyclotron. The method, that of 
bending in the magnetic field and range in emulsion, is 
similar to that used in an earlier determination,’ except 
that several changes have been made in order to increase 
the accuracy. In addition to improvements associated with 
more precise positioning of plates and more careful meas- 
urement of distances, the following changes have been 
introduced: (1) the plates used in the present study were 
exposed in the cyclotron without wrapping. This pro- 
cedure avoids the energy loss and scattering of the mesons 
in the black paper or aluminum foil wrapping. (2) Only 
those mesons which leave the target moving approximately 
in the direction of the alpha-particle beam are used; the 
mass value can be determined most accurately for these 
mesons. The selection is automatically made by means of a 
“channel” which admits only a narrow angular spread of 
meson trajectories. (3) The plates are inclined to the meson 
trajectories in such a way that the mesons enter the emul- 
sion through the top surface. In this way errors associated 
with the distortion at the edge of the plate are avoided. 


* This paper is based on work performed with the support of the AEC 
1 E, Gardner and C. M. G. Lattes, Science 107, 270 (1948). 


G11. Meson Mass Measurements. Part II. Experi- 
mental Results.* A. S. BisHop, University of California, 
Berkeley.—Preliminary values for the meson masses are: 
heavy negative meson: 285m,, heavy positive meson: 
286m,, light positive meson: 216m,, where m, is the mass 
of the electron. When this study is completed, it is hoped 
that the probable error will be as low as 2 percent. The 
preliminary values given above, however, have an addi- 
tional uncertainty of one or two percent since several small 
corrections have not yet been made. The ratio of masses 
of heavy positive to light positive mesons is 1.32+0.01. 
This ratio is known to greater accuracy than the masses 
themselves because the error in the measurement of the 
magnetic field is largely eliminated. The method of meas- 
uring meson masses by Hp and range is being checked by 
measuring the proton mass, using the same method. For a 
range-energy relation in the emulsion (Ilford C.2) we have 
used a curve obtained by extrapolating to higher energies 
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from the points given by Lattes, Fowler, and Cuer.! We 
hope to verify this curve by means of exposures to protons 
from the Berkeley linear accelerator. 


* This pape is based on work performed with the support of the AEC. 
eas ti &, . Lattes, P. H. Fowler, and P. Cuer, Proc. Phys. Soc. 59, 


G12. Meson Mass Measurements. Part III. Discussion 
of Results.* C. M. G. Lattes,** University of California, 
Berkeley—The value found in this study for the ratio of 
masses of heavy and light positive mesons is consistent 


_with the assumption that a light particle (e.g., a neutrino 


or a gamma-ray) is emitted when a heavy positive meson 
decays into a light positive one. From studies of negative 
mesons in which there was a channel between the target 
and the plates, it is concluded that few, if any, light nega- 
tive mesons come from the target. From similar studies of 
positive mesons it is concluded that light positive mesons 
do originate at the target; their energy spectrum indicates 
that they come from the decay of heavy positive mesons 
which stop in the target. By combining the results of the 
present study with an earlier measurement of the meson 
mass by grain counting,! it is possible to show that the 
magnitude of the charge on the meson is equal to that on 
the electron within the accuracy of the measurements. In 
one group of heavy positive mesons it was observed that 
54 out of a total of 59 gave observable secondary mesons. 
This result indicates that any competing process (such as 
the decay of the heavy meson into an electron and a neu- 
trino) must have a longer half-life. 


* This pow is based on work performed with the support of the AEC. 
** On leave of absence from University of S&éo Paulo, Brazil. 
ssa insye E. Gardner, and C. M. G. Lattes, Phys. Rev. 74, 


H1. Stars in Photographic Emulsions Initiated by Heavy 
Negative Mesons.* FRANK L. ADELMAN AND STANLEY B. 
Jones, University of California, Berkeley—We have tabu- 
lated the number of prongs (charged particle tracks) per 
star for stars initiated by heavy negative mesons in 
photographic emulsions. The mesons were created in the 
184-inch Berkeley cyclotron by bombarding a target with 
380-Mev alpha-particles. The mesons used in this study 
were found to be heavy by the method of Hp and range. 
The following table gives the prong distribution for 588 
stars. : 

Number of prongs: 0 1 2 3 4 5 Over 5 
Percent of stars: 27.0 23.6 24.0 14.8 8.719 0 


In no case was a heavy negative meson observed to decay 
into a light negative meson (x--u decay). Eleven “hammer 
tracks” were found in a survey of about 3000 stars. These 
are explained! as follows: a Li® nucleus, emitted in a nuclear 
reaction, undergoes §-decay into Be®, which then splits 
into two alpha-particles of equal energy. 


* This paper is based on work performéd with the support of the AEC. 
1C, Franzinetti and R. M. Payne, Nature 161, 735 (1948). 


Hz. Yield of Negative Mesons Produced by High 
Energy Alpha-Particles as a Function of Alpha-Particle 
Energy.* STANLEY B. JONES AND R. S. WHITE, University 
of California, Berkeley.—A study is now in progress to 
find the relative numbers of negative mesons created by 
alpha-particles of various energies. The various energies 
are obtained at different radii in the 184-inch Berkeley 
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cyclotron. The study first included only mesons in a par- 
ticular energy interval of the order of 2-5 Mev. The in- 
tensity of the mesons in this energy interval versus the 
bombarding beam energy is given in the accompanying 
table. Column 1 gives the energy of the bombarding alpha- 
particles; column 2, the numbers of mesons actually 
counted; and column 3, the numbers of mesons relative 
to the number at 380 Mev, corrected for beam currents, 
plate thickness, and area scanned. 


Corrected relative 


Beam energy No. of 
(Mev) mesons yield 
380 339 100 percent 
342 164 33 percent 
304 38 7.4 percent 
266 7 0.7 percent 


The exposures were made with a carbon target and with 
Ilford type C.2 plates. The plates were scanned over a 
region estimated to include about 90 percent of the mesons 
in each plate. 


* This paper is based on work performed with the support of the AEC. 


H3. Excitation Functions from Deuteron Bombardment 
of Cu. D. Bocxuop, A. C. HELmuo1z, S. D. Sortxy, J. W. 
RosE, AND T. BREAKEY, University of California, Berkeley. 
—Excitation functions have been measured of Zn, Cu, Ni, 
and Fe from Cu bombarded by 190-Mev deuterons pro- 
duced by the 184-in. cyclotron. The deuterons are incident 
on a stack of Cu plates which has Cu foils spaced through 
it at equal energy intervals, and quantitative chemical 
separation of the products from the foils gives the relative 
yield as a function of the energy. The absolute yield at 
190 Mev is compared with that of Na™ from a thin Al 
foil! at this energy, thus determining cross sections from 
formation as a function of energy. The yields for Mn®, 
Mn*, Fe®*, and Co®* increase with increase of energy, 
while those of Zn®, Zn®, and Cu“ show maxima at low 
energies and then decrease with energy. Cross sections of 
the order of that of Na™ from Al are obtained for Cu and 
Zn, but only of the order of one-tenth of that of Na™ for 
Fe and Co. Results obtained to date agree well with pre- 
vious work done on deuteron bombardment of Cu at this 
laboratory,? and it is indicated* that excitation curves 
may well be obtained for elements even further below Cu. 

* The work described was sponsored by the AEC. 

1H. W. Hubbard, see abstract H7. 


2D. Bockhop, A. C. Helmholz, and J. M. Peterson, Phys. Rev. 74, 


1559 (1948). 
2D. R. Miller, R. C. Thompson, and B. B. Cunningham, Phys. Rev. 


74, 347 (1948). 


H4. Radio activities of Ag, Cd', and In".* A. C. 
HELMHoz, R. W. Haywarp, AND C. L. McGinnis, Uni- 
versity of California, Berkeley.—We have investigated with 
a magnetic lens spectrograph built by one of us (R.W.H.) 
the three isobaric activities, Ag™, Cd, and In"!, The 
second of these is the 48.6+0.3-min. isomer of stable 
Cd'!, It emits a highly converted 149-kev y-ray and a 
247-kev y-ray of conversion coefficient 0.1. The latter is 
the same as that observed! in the K-capture decay of the 
2.84+0.03-d. In“, Emitted in coincidence? in the In™ 
decay is a 173-kev y-ray with conversion coefficient 0.18. 
From these data Cd™ has three excited states at 247, 
396, and 420 kev. Using the theory of Hebb and Nelson? 
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and the K/L ratios, we find the 247-kev y-ray is magnetic 
quadrupole, the 173 electric quadrupole, the 149 electric 
2 pole. The 8--spectrum of the 7.5-d. Ag"! was analyzed 
according to the Fermi theory. It appears to be of simple 
form with an upper limit of 1.06+0.03 Mev. This is a 
once forbidden transition according to Konopinski’s 
classification. Difficulties in the formulation of a level 
scheme point out the need of accurate theoretical con- 
version coefficients for Z~50. 


* The work described was sponsored by the AEC. 

1J. H. Lawson and J. M. Cork, Phys. Rev. e 982 (1940). 
2H. Bradt, ef al., Helv. Phys. Acta 19, 77 (1945). 

3M. H. Hebb and E. Nelson, Phys. Rev. 58, 486 (1940). 


HS. Study of Cd" Isomers.* R. W. Haywarp** AND 
A. C. HELMHOLZ, University of California, Berkeley.— 
Using a magnetic lens spectrograph of the type con- 
structed by Siegbahn,' we have investigated the 6-spectrum 
of the 43-d Cd"5, in a sample of Cd obtained from Oak 
Ridge. The spectrum has an end point at 1.67 Mev and 
seems to be simple. The 86 kev converted y-ray of Cd! 
is also observed. A separate investigation of the other 
isomer of Cd"5, the 2.3-d activity, gave agreement with 
the work of Lawson and Cork.? The spectrum is complex, 
and has an end point of 1.10 Mev. It shows 7-rays of 337 
kev and 520 kev and conversion lines of the 337-kev y-ray 
which is due to the 4.5-hr. In™5 in equilibrium. Thus the 
43-d isomer must be the upper state by 0.2 Mev. Since no 
evidence of such a y-ray has been found, the 7-transition 
must correspond to at least a 25 and probably a 2° pole 
transition. Possible spin and parity assignments to the 
levels assuming the ground state of In"® is 9/2 and even 
might be: In (4.5 hr.) 1/2 odd; Cd (2.3 d) 1/2 even; Cd 
(43 d) 13/2 even. A discussion of possible level schemes 
will be given. 


* The work described was sponsored by the AEC. 
** AEC Predoctoral Fellow. 
«1K. Siegbahn, Phil. Mag. 37, 162 (1946). 
2 J. H. Lawson and J. M. Cork, Phys. Rev. 57, 982 (1940). 


H6. Absolute Cross Section for Production of Heavy 
Negative Mesons by 380-Mev Alpha-Particles.* VINCENT 
PETERSON, University of California, Berkeley.—The abso- 
lute cross section per atom of target material for produc- 
tion of heavy negative mesons by 380-Mev alpha-particles 
has been measured for carbon and several other elements 
of widely different Z. Photographic plates were used to 
detect the mesons, and the flux of alpha-particles was 
determined by measuring the C" radioactivity produced in 
a thin polystyrene foil covering the face of the target. The 
absolute cross section for the reaction C(a,a,)C" was 
also measured to relate C" activity to alpha-current. The 
solid angle of meson radiation accepted by the photo- 
graphic plate was calculated from either: (a) emulsion 
thickness, for edge-on exposure, or (b) tilt angle, for plates 
inclined slightly to the horizontal. Only mesons entering 
the plate within +45° from the normal were counted. 
Assuming the angular distribution to be spherically sym- 
metric, and a theoretical energy distribution dN(EZ) =f(E) 
(En—E)‘E%dE, where E,=45 Mev and f(Z) is the Cou- 
lomb factor, the absolute cross section for carbon has been 
calculated to be (1.8+.3) X 10-** cm*. Correction for decay 
in flight has been made. The plates accept mesons of 
energies from 2-5 Mev (normal incidence). 


* This work was done under the auspices of the AEC. 
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H7. Al?’(d,ap)Na** Cross Section.* H. W. HuBBARD, 
University of California, Berkeley (introduced by A. C. 
Helmholz).—The cross section for the reaction Al?’ 
X (d,ap) Na* was measured for incident 194-Mev deuterons 
by means of the deflected deuteron beam from the 184- 
inch cyclotron at Berkeley. An aluminum foil was bom- 
barded for about one hour, the beam current being meas- 
ured by means of a Faraday ‘cage system of known ca- 
pacitance. The number of Na™ atoms was then measured 
by means of beta-gamma coincidences, which is possible 
since Na* emits two y-rays in coincidence with each elec- 
tron.! The results obtained in this way agreed closely with 
those obtained by comparing the active foils with a 
uranium #-standard. The best result from four independent 
measurements gives a value for the cross section at 194 
Mev of 0.048 barn, the result probably being accurate to 
15 percent. 


* The work described was sponsored by the AEC. 
1M. L. Wiedenbeck, Phys. Rev. 72, 429 (1947). 


H8. Nuclear Cross Sections for 90-Mev Neutrons.* 
N. KNABLE, J, DE JUREN, AND B. J. Moyer, University of 
California, Berkeley—Using bismuth fission chambers 
(threshold about 50 Mev) to monitor and detect high 
energy neutrons produced in the 184-in. cyclotron, total 
cross sections for twelve different elements were measured. 
The mean detection energy is estimated at 95 Mev. The 
hydrogen cross section result was 0.073+0.002 barn, and 
the deuterium-hydrogen difference was determined to be 
0.031+0.002 barn. An arrangement giving simultaneous 
measurements of neutron attenuation with both good 
and poor geometry has given values for the ratios of in- 
elastic to total cross sections for various elements lying 
between 0.4 and 0.5. An absolute measure of the elastic 
scattering cross section in the case of carbon was in good 
agreement with that deduced from the total and inelastic 
values. A plot of inelastic collision radius vs, At shows the 
same slope as the plot of total collision radius in the region 
of high atomic number where transparency effects become 
unimportant. 


* This work was done under the auspices of the AEC. 


H9. High Energy Gamma-Radiation from 184-Cyclo- 
tron Target.* B. J. Mover, H. F. York, anD R. Byork- 
LUND, University of California, Berkeley.—An electron pair 
counter has been assembled, utilizing a magnetic field to 
separate the pairs, and coincidence counting to detect 
them. A radiator of thin Ta serves to materialize the pho- 
tons. This is exposed to the cyclotron target from outside 
the shielding, through the neutron beam defining hole. 
The direction of rotation of the deuteron beam is reversed 
to minimize the background counting due to effects from 
neutrons. In any of the targets used (Be, Cu, Pb) photons 
were observed in distributions extending to at least 70 
Mev. An energy distribution for Be will be shown, cor- 
rected for variation in pair production probability, varia- 
tion in energy breadth detected, and effects due to scatter- 
ing of the pair electrons. For a mean detection energy of 
50 Mev the integrated cross section for production of 
photons in the energy breadth detected (approximately 
40-60 Mev) is about 10-%° cm?. This value and the dis- 
tribution with respect to energy are reasonably consistent 
with a bremsstrahlung origin for the photons. 

* This work was done under the auspices of the AEC. 
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H10. Detection of Very High Energy Protons by Means 
of Anthracene Scintillation Counters.* L. Wouters, Uni- 
versity of California, Berkeley.—Because of the low ioniza- 
tion density of very high energy protons (as generated in 
synchro-cyclotrons), the puises produced in proportional 
gas counters are all but lost in the competing beta-back- 
ground. Anthracene scintillation counters can be arranged 
so that an amount of usefully detectable energy, large 
compared to the energy of the competing radiation, is 
abstracted from the protons; no difficulty then exists in 


’ sorting these out. The equipment used at the Radiation 


Laboratory for experimental work at the 184” site will be 
described. The most expeditious way of determining the 
usefulness of the apparatus was to perform an n—p scat- 
tering experiment for which reliable results had been 
established by more orthodox methods; agreement well 
within the range of the best data of these other methods was 
obtained. The unique degree of energy discrimination ap- 
peared as a broad counting plateau between the proton 
and the background pulse levels. The percentage of non- 
coincidence pulses from the individual counters was then 
relatively small; together with the short radiation time of 
anthracene, enormously faster counting rates are made 
permissible, in comparison with gas counters. 


* The work described was sponsored by the AEC. 


H11. Radiation Field of the 184-Cyclotron.* W. K. 
BENSON, JR., R. L. MaTHER, B. J. Mover, AND JOSEPH 
YATER, University of California, Berkeley.—The distribu- 
tion and intensity of the radiation field outside the shield- 
ing of the 184” cyclotron have been studied with various 
types of detectors. Three-dimensional surveys were made 
with proton recoil counter, calibrated slow neutron counter, 
and an ion chamber so constructed as to read approxi- 
mately the ‘roentgen equivalent physical’ dosage rate. 
Average values at normal areas of habitation are: 60 slow 
neutrons cm~ sec.~!, 0.5 milli-rep/hr., and a fast neutron 
flux about an order of magnitude below tolerance. De- 
termination of the actual value for fast neutron flux de- 
pends upon energy distribution assumed. Studies of this 
are in progress. Calibrated indium foil measurements of 
slow neutron flux as a function of depth in the 10-ft. 
concrete shielding indicate, apart from transition and 
boundary effects, an attenuation with a half-value thick- 
ness of 7 to 8 inches, and a value at the outside surface in 
agreement with that mentioned above. 


* This work was done under the auspices of the AEC. 


H12. Kinetic Energy Release in Fission Induced by 
High Energy Neutrons.* J. JUNGERMAN AND S. C. WRIGHT, 
University of California, Berkeley—The ionization pro- 
duced by single fission fragments was observed in an 
ionization chamber using electron collection. Fission was 
induced in bismuth and other substances by 90-Mev 
neutrons. The distribution of fragment energy versus 
number of fragments has a single peak. This is in contrast 
to the double peaked curve obtained with thermal neutron 
fission of U5, For bismuth the most probable single frag- 
ment energy is 74 Mev, and the mean fragment energy is 
71 Mev. 


* The work described was done under the auspices of the AEC. 
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SUPPLEMENTARY PROGRAMME 


SP1. Inelastic Scattering of Protons from Li’.* W. A. 
Fow er, C. C, LAURITSEN, AND S. Rustin, Kellogg Radia- 
tion Laboratory, California Institute of Technology.—The 
energy of the lowest excited state of Li’ has been redeter- 
mined! with a double-focusing magnetic spectrograph? by 
measuring the energy of the protons inelastically scattered 
at angles of 81.1° and 137.8° from lithium bombarded by 
1233.5-kev protons. The spectrograph was calibrated by 
the elastic scattering of protons of the same energy by 
copper. The scattering angles were carefully measured and 
checked by elastic scattering in lithium, beryllium, carbon, 
and oxygen. The bombarding proton energy is stabilized to 
better than 1 kev by an electrostatic analyzer calibrated 
at 440 kev with the y-ray resonance in Li’(py). Careful 
attention was given to loss of energy of the incident and 
scattered protons in surface layers (~100 atoms) of carbon 
and oxygen on the various targets. The scattering observed 
from these layers indicated a thickness corresponding to 
an 0.5-kev energy loss for i-Mev protons incident nor- 
mally. The final result of this determination is 477.4+2.0 
Mev for the excited state in Li? and is to be compared with 
the value 476.8+1.0 found by measurement of the gamma- 
ray® emitted by Li’. If the gamma-ray measurement is 
accepted the resonance in Li?(py) is located at 439.5+2.3 
kev, and the first strong resonance in F!°(pa,y) is located 
at 869.9+4.6 kev. 

* This work was assisted by the joint program of the ONR and the 


aa eubia. Snyder, Lauritsen, and Fowler, Phys. Rev. 74, 1564A 
3 Snyder, Lauritsen, Fowler, and Rubin, Phys. Rev. 74, 1564A (1948). 
3W. F. Hornyak and T. Lauritsen (unpublished). 


SP2. Comets and the Reciprocal Force. F. W. War- 
BURTON, University of Redlands.—Verification of relative 


electrodynamics may possibly be found in the behavior 
of comets. Electrical equilibrium of a body receiving ions 
from the sun! and re-emitting ions at the same rate is 
similar to temperature equilibrium of a body receiving 
and re-emitting radiation. An increase in the reception of 
negative ions from the sun as the comet approaches peri- 
helion is believed to augment the normal radiation excita- 
tion of atoms and so be related to the rapid variation in 
brightness of the comet. The relative reciprocal force is a 
function of the speed of the emitting charge e’, and rapid 
increase in average electron speed in the comet should 
result in negative ion emission and account for the ex- 
plosive ejection of matter which forms the comet’s en- 
velope and tail. Also radiation pressure can be augmented 
by the negative ion emission from the sun acting on the 
ejected matter which forms the tail. 

The shift in balance of electrical charge emission in the 
comet should affect the force of the sun on the comet itself. 
It is evidently related to the shortening of the period 
which is so prominent in Encke’s comet. 


1 See Abstract No. A2. 


SP3. Report of Initial Performance of the Berkeley 
Synchrotron. E. McMILLAN, Radiation Laboratory, Uni- 
versity of California, Berkeley. 


SP4. Acceleration of Protons in the 184-inch Berkeley 
Cyclotron. K. M. McKeEnzizE, Radiation Laboratory, Uni- 
versity of California, Berkeley. 


SP5. Neutron Diffraction in Liquid Elements. OWEN 
CHAMBERLAIN, University of Chicago. 
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